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ABSTRACT 


Triboelectric  charging,  occurring  when  an  aircraft  is  operated  in 
precipitation,  raises  the  aircraft  potential  until  corona  discharges  occur 
from  points  of  high  dc  field  on  the  aircraft.  These  corona  discharges 
generate  noise  which'  is  coupled  into  receiving  systems.  The  magnitude 
and  spectral  distribution  of  this  radio  interference,  called  precipitation 
static,  depends  upon  three  factors:  (1)  the  strength  and  spectral  char¬ 
acteristics  of  the  source  discharges,  (2)  the  manner  in  which  the  dis¬ 
turbances  produced  by  the  discharges  couple  into  the  antennas,  and  (3) 
the  magnitude  of  the  discharge  current  and  its  distribution  among  the 
discharging  extremities 

The  coupling  between  the  antenna  and  the  noise  source  is  discussed 
with  the  aid  of  a  reciprocity  relationship  Since  the  geometry  of  an 
aircraft  is  complicated,  and  a  purely  theoretical  approach  to  the  deter¬ 
mination  of  coupling  factors  is  not  possible,  a  technique  for  measuring 
absolute  values  of  coupling  factor  as  a  function  of  frequency  and  position 
on  the  aircraft  was  developed  and  is  described  in  considerable  detail 

A  study  was  made  of  the  spectral  character  of  the  corona-noise  source. 
Included  in  this  study  was  an  investigation  of  the  manner  in  which  the 
source  spectrum  is  affected  by  altitude.  Since  the  noise -spectrum  mag¬ 
nitude  depends  upon  the  total  current  discharged,  methods  for  determining 
the  discharge  current  were  devised.  Furthermore,  given  a  total  discharge 
current,  the  noise  generated  in  an  antenna  depends  upon  the  distribution 
of  this  current  among  the  various  extremities.  The  problem  of  determining 
this  distribution  was  investigated 

To  test  the  validity  of  the  theory  and  the  results  of  the  laboratory 
work,  calculations  were  made  to  predict  the  noise  currents  induced  in  the 
two  test  ntennas  employed  in  a  flight-test  program  conducted  on  the 
Boeing  367-80  aircraft  (prototype  of  the  KC-135  and  707),  The  results 
of  these  predictions  are  compared  with  the  noise  spectrum  measured  in  flight 


Although  most  of  the  research  was  done  with  dipole-type  receiving 
antennas  in  mind,  a  brief  investigation  was  made  of  the  characteristics 
of  loop  antennas.  The  results  of  this  investigation  indicate  some  inter¬ 
esting  differences  between  dipoles  and  loops,  regarding  susceptibi  lity  to 
precipitation-static  interference.  In  particular,  the  results  indicate 
a  reason  for  the  frequently  observed  superiority  of  loops  over  dipoles 
from  the  standpoint  of  vulnerability  to  precipitation-static  noise  in  the 
middle-  and  low-frequency  ranges. 

Considerable  time  was  spent  in  devising,  analyzing  and  testing  tech¬ 
niques  for  reducing  corona  noise.  The  techniques  considered  include 
decoupled  antennas,  decoupled  dischargers,  biased  decoupled  dischargers, 
AN/ASA- 3  wick  dischargers,  biased  jet-engine  exhausts,  and  interference 
blankers. 
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PRECIPITATION  CHARGING 
INTERFERENCE 


AND  CORONA-GENERATED 
IN  AIRCRAFT 


I  INTRODUCTION 


A.  HISTORY 

When  radio  equipment  came  into  use  in  aircraft,  it  was  found  that 
severe  interference  occurred  in  the  receiving  systems  whenever  the  air¬ 
craft  was  operated  in  precipitation  containing  ice  crystals.  From  this 
connection  with  flights  through  precipitation,  this  general  class  of 
interference  was  given  the  name  precipitation  static.  Since  the  inter¬ 
ference  was  often  sufficiently  severe  to  completely  disable  communications 
for  hours  at  a  time,  it  presented  a  serious  flight  safety  hazard.  Studies 
were  undertaken,  therefore,  to  determine  the  causes  for  the  interference 
so  that  effective  measures  might  be  taken  to  eliminate  it,  or  at  least  to 
reduce  it  to  a  tolerable  level. 

Early  investigators  found  that  one  type  of  precipitation  static  was 
caused  by  corona  discharges  from  the  aircraft.  At  first  there  was  un¬ 
certainty  as  to  how  the  aircraft  became  charged;  some  investigators  felt  ^ 

that  it  was  caused  by  charge  transfer  from  charged  particles  in  the  cloud, 
but  it  was  soon  shown  that  " triboelectric  ”  charging  was  the  responsible  I 

mechanism.  I 

i 

Triboelectric  charging  occurs  whenever  two  dissimilar  materials  are 
placed  in  contact  and  then  separated.  One  material  acquires  a  positive 
charge,  and  the  other  a  negative  charge,  as  in  the  case  of  a  hard  rubber 

comb  rubbed  with  fur.  In  the  case  of  an  aircraft  flying  through  precipitf- 

•—  -  - 

tion  containing  ice  crystals,  the  ice  crystals  generally  acquire  a  positive 
charge,  leaving  the  aircraft  with  a  negative  charge.  Since  the  triboelectric 
charging  mechanism  is  equivalent  to  a  constant  current  sourcle,  the  potential 
of  an  aircraft  flying  in  precipitation  will  rise  until  corona  threshold 
potential  is  exceeded,  and  finally  the  corona  discharge  current  will  equal 
the  charging  current. 


A  corona  discharge  conaists  of  a  seriea  of  extremely  abort  pulaea, 
and  therefore  generatea  noiae  containing  frequency  componenta  well  into 
the  RF  apectrum.  Thia  noiae  couplea  into  the  aircraft  receiving  antennaa, 
generating  interference  in  the  communication  and  navigation  ayatema. 

One  of  the  firat  approachea  to  the  elimination  of  precipitation-atatic 
interference  waa  directed  at  the  elimination  of  aircraft  charging.^  It 
waa  known  that  all  materiala  may  be  arranged  in  a  triboelectric  aeries 
auch  that,  in  general,  materiala  higher  in  the  series  tend  to  charge  posi¬ 
tively  when  brought  into  contact  with  materials  below  them  in  the  series. 
Since  neighboring  materials  in  the  tribot^leclric  series  tend  to  charge 
one  another  less  than  do  widely  separated  materials,  it  was  felt  that, 
through  a  suitable  choice  of  paint,  it  might  be  possible  to  eliminate  or 
at  least  minimize  aircraft  charging.  Attempts  along  these  lines  were 
complex, 1  y-  unsuccessful  since  triboelectric  charging  is  a  surface  phenom¬ 
enon,  and  a  thin  film  of  oil  is  sufficient  to  completely  destroy  any 
desirable  properties  that  a  coating  might  have.  Furthermore,  since  posi¬ 
tion  in  the  triboelectric  series  tends  to  be  a  function  of  dielectric 
constant,  and  since  the  dielectric  constant  of  ice  varies  with  temperature, 
it  would  be  very  difficult  to  find  a  coating  suitable  for  all  weather 
conditions . 

Another  approach  to  the  problem  was  to  devise  methods  for  discharging 
the  aircraft  without  generating  noise  in  the  receiving  systems.  One  pro¬ 
posed  system  was  the  block  and  squirter  in  which  a  discharger  is  maintained 
at  a  high  ac  potential  with  respect  to  the  aircraft.*  The  receiving 
circuits  are  blocked  during  the  alternate  half  cycles  during  which  dis¬ 
charges  occur.  Another  system  is  the  biased  discharger  in  which  a  dis¬ 
charge  is  forced  to  occur  between  a  point  and  a  cylinder  *  Discharging 
occurs  when  ions  of  the  same  polarity  as  the  point  are  carried  away  by  the 
airstream,  while  ions  of  the  opposite  charge  are  captured  by  the  high  fields 
of  the  point.  Other  proposed  systems  include  flame  dischargers,  electron 
gun  discharge  tubes,  and  direct  thermionic  emitters.^ 

Still  another  approach  was  to  operate  on  the  noise  signal  after  it 
had  been  coupled  into  the  receiving  antenna  A  noise  "blanker”  inserted 
in  the  circuit  between  the  antenna  and  receiver  would  short  out  the  re¬ 
ceiver  terminals  as  soon  as  a  noise  impulse  appeared  at  the  input  to  the 
blanker.  The  receiver  terminals  would  remain  shorted  for  the  duration  of 
the  noise  impulse. 
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In  an  effort  to  study  precipitation  static  quantitatively,  the  elec¬ 
tromagnetic  coupling  between  a. noise-producing  discharge  and  an  antenna 
was  analyzed.^  One  important  result  of  this  analysis  is  the  coupling 
theorem  by  which  the  receiving-circuit  response  to  an  electrical  discharge 
can  be  calculated.  The  theorem  states  that  the  coupling  between  a  dis¬ 
charge  and  an  antenna  is  proportional  to  the  current  density  of  the  dis¬ 
charge  and  to  the  strength  of  the  electric  field  which  would  exist  along 
the  path  of  the  discharge  if  a  voltage  were  applied  to  the  antenna  terminals 

Applying  the  results  of  the  coupling  theorem  to  the  problem  of  corona 
noise  it  is  evident  that  the  coupled  noise  is  least  if  the  discharge  occurs 
along  the  path  of  least  reciprocal  field.  In  the  analysis  mentioned  above,' 
it  was  shown,  furthermore,  that  corona  discharges  should  be  forced  to  occur 
from  points  of  small  radii  since  the  discharge  then  consists  of  low- 
amplitude  pulses  having  a  high  repetition  frequency.  A  discharge  of  this 
type  is  inherently  less  noisy  than  one  occurring  from  a  point  of  large 
radius  which  consists  of  high-amplitude  puLses  having  a  low  repetition 
frequency . 

The  analysis  indicates  the  reasons  for  the  partial  success  of  certain 
procedures  currently  used  to  minimize  corona  noise.  The  use  of  dielectric- 
coated  antenna  wire  prevents  discharges  in  the  high  reciprocal  field  of 
the  antenna  itself.  Wick  dischargers  located  on  the  aircraft  extremities 
force  the  discharges  to  occur  from  a  number  of  points  of  small  radii  at 
the  tip  of  each  wick.  Furthermore,  since  the  distributed  resistance  of 
the  wick  does  not  alter  the  RF  coupling  fields,  the  discharge  is  removed 
from  the  region  of  high  coupling  field  in  the  immediate  vicinity  of  the 
aircraft  extremity. 

With  the  advent  of  high-performance  aircraft  and  f lush -mounted  an¬ 
tennas,  a  second  type  of  noise  included  in  the  general  classification  of 
precipitation  static  became  important  and  was  identified.*  This  second 
form  of  noise  is  associated  with  the  charging  of  dielectric  portions  of 
the  aircraft  —  such  as  canopies,  radomes,  and  flush-mounted  antennas. 

These  sections  of  the  aircraft  also  become  charged  by  the  tr iboelectric 
mechanism,  but  since  they  are  insulators,  the  charge  on  them  continues 
to  rise  until  the  potential  is  sufficiently  high  to  induce  a  streamer,  or 
spark  discharge,  across  the  dielectric  surface  to  some  adjacent  metallic 
structure  of  the  aircraft.  It  was  found  that  these  discharges  involve  a 
very  rapid  transfer  of  several  thousand  micromicrocoulombs  of  charge  over 
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long  distances  and  are  thus  energetic  sources  of  noise,  particularly  if 
they  occur  on  the  dielectric  covering  of  an  antenna  where  the  coupling 
is  slso  high. 

It  was  found  in  laboratory  experiments  and  flight  tests  that  a  high- 
resistance  conductive  coating  over  the  dielectric  surface  was  effective 
in  eliminating  streamer  noise. The  conductive  coating  drains  away  the 
charge  as  rapidly  as  it  arrives,  and  prevents  the  voltage  build-up  which 
produces  the  streamer  discharges.  There  were,  however,  reports  of  ADF 
malfunction  when  the  receiving  antennas  were  located  under  dielectric 
surfaces  which  had  been  coated  with  conductive  paint,  and  it  was  suggested 
that  perhaps  some  unexplained  noise-generating  mechanism  which  was  not 
eliminated  by  the  coating  might  be  responsible  for  the  interference. 

It  was  subsequently  shown  that  <)  chird  type  of  noise  which  may  be 
included  in  the  precipitation  static  category  did  indeed  exist, ^  This 
noise  was  found  to  be  produced  by  the  individual  impinging  precipitation 
particles,  and  consists  of  overlapping  Scep-fronted  pulses  produced  by 
the  individual  precipitation  particles  as  they  acquire  charge  upon  impact 
in  a  region  of  reciprocal  antenna  field.  Since  this  mechanism  requires 
a  component  of  electric  field  tangent  to  the  particle  path  at  the  time  of 
impact,  this  noise  is  generated  primarily  on  dielectric  portions  of  the 
aircraft  Furthermore,  since  this  type  -of  noise  is  produced  by  acquisi¬ 
tion  of  cha;\_?  in  a  reciprocal  field  region,  the  noise  mechanism  is  un¬ 
affected  by  use  of  conductive  coatings  —  unless  the  conductivity  of 
the  coatings  is  so  high  as  to  effectively  short  out  the  antenna-and  this 
type  of  noise  is  found  even  under  conductively  coated  dielectrics.  The 
results  both  of  flight  tests  and  a  detailed  study  of  the  noise  generated 
on  aircraft  canopy  surfaces  indicated,  however,  that  impact  noise  is  much 
less  serious  than  streamering,  and  that  canopy-antenna  noise  should  be 
reduced  by  as  much  as  54  db  by  eliminating  streamering  on  the  canopy 
surface.®’*  Reports  that  ADF  operation  was  not  improved  through  the  use 
of  a  conductive  canopy  coating,  indicated,  therefore,  either  that  an  un¬ 
identified  noise  mechanism  existed,  or  that  corona  discharges  from  air¬ 
craft  extremities  were  generating  noise  in  the  canopy  antennas. 

In  an  effort  to  dispel  the  existing  uncertainty  regarding  the  sources 
of  precipitation-static  interference  observed  in  flight,  techniques  de¬ 
veloped  under  Air  Force  Contract  19(604) -1296  were  employed  to  determine 
the  coupling  between  aircraft  receiving  antennas  and  points  on  the  aircraft 
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from  which  corona  discharges  would  occur  in  flight.  The  results  of  these 
measurements  together  with  laboratory  studies  of  corona-discharge  char¬ 
acteristics  were  used  to  predict  the  corona-generated  noise  levels  which 
should  exist  at  the  tail-cap  and  belly-antenna  locations  on  the  KC-135 
aircraft.  The  predicted  noise  levels  (sufficiently  high  to  cause  severe 
interference)  were  verified  in  subsequent  flight  tests,  during  which 
measurements  were  made  of  the  noise  levels  in  these  two  antennas.^*’  During 
this  same  flight-test  program,  tests  were  made  of  the  effectiveness  of 
aircraft  dischargers  employing  a  noise-decoupling  principle  which  follows 
from  the  work  done  on  this  contract. 

B.  PURPOSES  AND  SCOPE  OF  INVESTIGATION 

In  general,  the  research  carried  out  on  this  project  consisted  of 
theoretic..!  investigations  and  laboratory  work,  but  did  not  include  flight 
testing.  The  purpose  of  the  research  was  to  develop  an  understanding  of 
the  problem  of  precipitation  static  noise  generation  and  coupling  which 
would  eventually  lead  to  the  development  of  techniques  for  the  elimination 
of  this  type  of  interference.  Since  the  work  on  this  contract  paralleled 
in  time  that  described  in  Refs.  10  and  11  [Contracts  AF  33{616)-3914  and 
AF  33(616)-6561  which  included  provisions  for  flight  testing],  it  was 
possible  to  flight  test  many  of  the  schemes  developed  on  the  present 
project.  Pertinent  results  of  these  flight  tests  will  be  included  in 
this  report.  Although  precipitation  static  can  be  generated  by  three  dif¬ 
ferent  mechanisms  —  corona,  surface  streamering,  and  particle  impact  —  it 
is  felt  that  the  mechanisms  of  streamering  and  particle  impact  were  ade¬ 
quately  treated  in  Refs.  8  and  9-  For  this  reason,  this  report  will 
confine  itself  primarily  to  the  problems  connected  with  corona-generated 
interference. 

The  magnitude  and  spectral  characteristics  of  corona-generated  inter¬ 
ferences  are  principally  dependent  upon  three  factors:  (1)  the  strength 
and  spectral  characteristics  of  the  source  discharges,  (2)  the  manner  in 
which  the  disturbances  produced  by  the  discharges  couple  into  the  antennas 
and  (3)  the  magnitude  of  the  discharge  current  and  its  distribution  among 
the  various  discharging  extremities. 

Perhaps  the  most  poorly  understood  aspect  of  the  corona  noise  problem 
was  the  coupling  between  the  noise  source  and  the  antenna.  This  problem 
is  discussed  with  the  aid  of  the  coupling  theorem  of  Hef.  7.  Since  the 


geometry  of  an  aircraft  ia  complicated,  a  purely  theoretical  approach  to 
the  determination  of  coupling  factors  is  not  possible.  Therefore,  a  tech¬ 
nique  for  measuring  absolute  values  of  coupling  factor  as  a  function  of 
frequency  and  poaition  on  the  aircraft  was  developed  and  is  described  in 
considerable  detail. 

A  study  was  made  of  the  spectral  character  of  the  corona  noise  source. 
Included  in  this  study  was  an  investigation  of  the  manner  in  which  the 
source  spectrum  is  affected  by  altitude.  Since  the  noise-spectrum  mag¬ 
nitude  depends  upon  the  total  current  discharged,  methods  for  determining 
the  discharge  current  were  devised.  Furthermore,  given  a  total  discharge 
current,  the  noise  generated  in  an  antenna  depends  upon  the  distribution 
of  this  current  among  the  various  extremities.  The  problem  of  determining 
this  distribution  was  investigated. 
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Although  most  of  the  research  was  done  with  dipole-type  receiving 
antennas  in  mind,  a  brief  investigation  was  made  of  the  characteristics 
of  loop  antennas.  The  results  of  this  investigation  indicate  some  inter¬ 
esting  differences,  regarding  susceptibility  to  precipitation-static 
interference,  between  dipoles  and  loops.’  In  particular,  the  results  in¬ 
dicate  a  reason  for  the  frequently  observed  superiority  of  loops  over 
dipoles  j.rom  the  standpoint  of  vulnerability  to  precipitation-static 
noise  in  the  middle-  and  low-frequency  ranges. 

Considerable  time  was  spent  in  devising,  analyzing,  and  testing  tech¬ 
niques  for  reducing  corona  noise  The  techniques  considered  include  de¬ 
coupled  antennas,  decoupled  dischargers,  biased  decoupled  dischargers, 
AN/ASA-3  wick  dischargers,  biased  jet  engine  exhausts,  and  interference 
blankers. 
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II  COUPLING  BETWEEN  ANTENNA  AND  NOISE  SOURCE 

A.  GENERAL 

Perhaps  the  greatest  impediment  to  progress  in  investigations  of 
precipitation  static  has  been  a  lack  of  understanding  of  the  manner  in 
which  the  noise  generated  by  a  discharge  is  coupled  into  the  receiving 
systems.  In  particular,  the  lack  of  quantitative  data  regarding  coupling 
makes  the  design  of  conclusive  flight-test  experiments  extremely  diffi¬ 
cult.  Furthermore,  intuitive  judgment  regarding  coupling  may  often  be 
completely  erroneous.  For  example,  it  might  appear  reasonable  to  assume 
that  coupling  will  decrease  as  the  distance  between  the  noise  source  and 
antenna  is  increased,  whereas  actually,  as  will  be  demonstrated  later, 
it  is  often  possible  for  the  coupling  to  increase  with  increasing  separation 

A  reciprocity  relationship  which  permits  a  study  of  the  electromagnetic 
coupling  between  a  noise-producing  disturbance  and  an  antenna  was  derived 
in  conjunction  with  the  study  of  corona-discharge  noise  in  Ref.  7.  For 
the  sake  of  completeness,  much  of  the  discussion  will  be  repeated  here. 

A  statement  of  the  theorem  is  given  below,  and  its  derivation  is  reproduced 
in  Appendix  A. 

B.  STATEMENT  OF  COUPLING  THEOREM 

Before  stating  the  theorem  it  is  first  necessary  to  define  the  terms 
which  will  be  used.  Referring  to  Fig.  1,  consider  a  conducting  body  of 
arbitrary  shape  with  two  regions  of  particular  interest.  The  first  of 
these,  Ty,  represents  a  volume  which  has  been  removed  from  the  body  to 
form  antenna  terminals.  The  second  region,  Tj,  is  external  to  the  body 
and  is  defined  as  the  volume  in  which  the  noise-producing  disturbance  occurs 

It  will  be  necessary  to  define  two  independent  situations,  as  follows: 
Situation  1  —  A  voltage  Fj(cu)  is  applied  to  the  antenna  terminals  at  T^, 
producing  a  field  E](x,ct;)  at  all  points  external  to  the  antenna,  and  in 
particular  in  region  Tj. 
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Situation  2 — A  disturbance  occurs  in  region  Tj  (either  a  discharge 
occurs  or  a  moving  charged  particle  exists)  producing  a  current  density 
JjiXfCo)  in  that  region.  In  response  to  the  disturbance  a  current 
flows  in  the  short-circuited  antenna  terminals  at  Tj . 

For  the  conditions  outlined  in  the  situations  described  above,  the 
coupling  theorem  states  that 

’•2 

Equation  (1)  is  derived  using  the  Fourier-transformed  form  of 
Maxwell’s  equations,  so  that  all  quantities  are  functions  of  frequency. 

The  field  quantities  Ei(x,cu)  and  are  also,  as  indicated,  functions 

of  the  spatial  coordinates.  To  obtain  the  response  as  a  function  of  time 
it  is  necessary  to  perform  the  inverse  Fourier  transformation. 

There  are  two  useful  interpretations  of  the  coupling  theorem  of 
Eq.  (1).  If  the  field  E|  existing  in  region  Tj  when  the  voltage  is 
applied  at  is  known,  together  with  the  current  density  Jj  occurring 
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during  the  disturbance,  then  Eq .  (1)  defines  the  short-circuit  current 
induced  in  the  antenna  terminals.  This  information  together  with  Norton’s 
or  Thevenin’s  theorems  is  sufficient  to  permit  the  calculation  of  the 
response  of  a  radio  receiver  connected  to  the  antenna  terminals. 

A  converse  interpretation  of  Eq.  (1)  is  equally  useful.  If  the 
field  Ej  produced  by  the  voltage  and  the  short-circuit  terminal  cur¬ 
rent  Jj  known,  Eq.  (1)  may  be  regarded  as  an  integral  equation  for 

the  current  density  Jj.  Since  several  different  distributions  of  Jj  may 
produce  the  same  t.erriiinal  current  ,  the  solutions  to  this  integral 
equation  are  not  unique.  In  many  cases,  however,  supplementary  informa¬ 
tion  may  be  used  with  Eq.  (1)  to  reduce  the  number  of  possii-le  solutions 
for  Jj . 

In  applying  the  coupl ing^-equation  to  the  study  of  corona-generated 
interference  the  most  important  fact  to  observe  is  that  the  signal  coupled 
into  the  receiver  from  a  discharge  at  any  point  on  the  aircraft  structure 
is  proportional  to  the  electric  field  which  would  be  produced  at  the  point 
of  the  discharge  by  a  voltage  applied  to  the  antenna  terminals.  From  this 
fact  several  important  conclusions  can  be  drawn.  For  example,  it  is  evi¬ 
dent  that  the  coupling  is  a  function  of  frequency.  Definite  maxima  and 
minima  occur  for  the  coupling  from  discharges  at  extremities  of  an  air¬ 
craft,  and  are  associated  with  the  electromagnetic  resonances  of  the 
structure.  A  further  conclusion  is  that,  quite  perversely,  the  coupling 
tends  to  be  very  good  from  just  those  points  where  corona  is  most  likely 
to  occur.  Thus,  if  we  applied  a  r adi o- f r equency  voltage  to  the  antenna 
terminals  and  examined  the  resulting  field  we  would  find  that  concentra¬ 
tions  of  field  would  occur  at  the  extremities  where  most  of  the  discharges 
occur.  Furthermore,  if  we  were  to  examine  the  field  in  detail  over  a 
relatively  small  volume  near  an  extremity,  we  would  find  the  configuration 
of  the  field  to  be  indistinguishable  from  that  of  the  dc  field  which  in¬ 
duces  the  discharges.  Sharp  local  concentrations,  signifying  good  coupling, 
would  occur  at  the  protrusions  where  the  dc  field  concentrates. 

Although  one  could  use  Eq.  (1)  as  it  stands  to  determine  the  noise 
current  coupled  into  an  antenna,  the  practical  problems  involved  would  be 
far  from  trivial.  It  would  be  necessary,  as  was  indicated  above,  to  know 
both  Ej  and  Jj  throughout  the  region  in  which  Jj  is  non-zero.  Since  the 
charge  motion  responsible  for  noise  generation  in  a  corona  discharge  is 
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confined  to  a  region  whose  dinensiona  are  of  the  order  of  the  discharge- 
point  radius,  it  would  be  necessary  to  determine  accurately  the  field 
structure  about  an  aircraft  extremity,  with  particular  attention  to  the 
details  of  the  structure  about  the  burrs  and  imperfections  from  which  the 
corona  discharges  occur.  It  would,  furthermore,  be  necessary  to  determine 
the  details  of  the  structure  of  the  current  density  Jj  in  this  same  small 
region.  For  these  reasons  it  is  much  simpler  to  rewrite  Eq.  (1)  slightly 
to  eliminate  the  necessity  for  determining  these  details  of  Ej  and  Jj 
which  really  are  not  of  direct  concern  in  the  study  of  radio  interference. 
Let  us  define 


E,(*) 

Ei(x,a.)  = 


(2) 


where  is  the  magnitude  of  the  electric  field  in  a  specified  direc¬ 

tion  at  a  reference  point  near  the  point  at  which  corona  discharge  is 
assumed  to  occur  as  is  indicated  in  Fig.  2.  The  reference  point  must  be 
sufficiently  near  the  edge  that  its  field  varies  with  frequency  and  posi¬ 
tion  along  the  airfoil  span  in  the  same  manner  as  docs  the  field  at  the 
discharge  point.  The  term  Ej(*)/£j(^)  describes  the  normalized  field  in 
the  vicinity  of  the  discharge  point,  and,  in  particular,  it  includes  the 
detailed  field  variation  in  the  region  where  Jj  is  non-zero.  Substituting 
Eq.  (2)  into  Eq.  (1)  we  obtain 
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AIRCRAFT  EXTREMITY 


Here  Dico)  describes  the.  noise  spectrum  existing  at  the  coroiia-discharge 
noise  source,  taking  into  account  the  effects  of  imperfections  in  trailing 
edge  structure.  The  term  — which  will  henceforth  be  termed  the 

“coupling  function” — describes  the  manner  in. which  the  noise  spectrum  is 
modified  by  the  coupling  between  the  source,  and  the  antenna. 

Writing  the  coupling  theorem  in  the  form  of  Eq.  (6)  simplifies  the 
study  of  noise  generation  and  coupling  considerably  since  it  is  now  pos¬ 
sible  to  study  the  two  aspects  of  the  problem  separately.  For  example, 
model  measurements  may  be  made  to  determine  the  coupling  between  an  antenna 
and  a  reference  point  without  the  necessity  for  careful  modeling  of  the 
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extremities  and  their  imperfections.  The  source  spectrum  may  be  studied 
in  the  laboratory  by  measuring  the  noise  generated  by  corona  discharges 
from  a  full-scale  section  of  aircraft  extremity  arranged  in  an  electrode 
structure  such  that  the  fields  about  the  section  of  extremity  duplicate 
the  field  structure  existing  in  flight.  Since  the  source  spectrum  will 
be  the  same  in  flight  as  in  the  laboratory  (for  the  same  discharge  current 
and  the  same  air  density),  and  since  the  coupling  to  the  reference  point 
in  the  laboratory  set-up  may  be  measured,  the  laboratory  noise  measurements 
may  be  used  to  determine  the  source  spectrum  D(o>) . 

C.  DETERMINATION  OF  COUPLING 

Although,  in  the  case  of  a  simple  antenna  geometry,  it  is  possible 
to  calculate  the  coupling  function,  \p,  it  was  apparent  at  the  outset  that 
aircraft  shapes  are  sufficiently  complex  to  render  calculation  impractical 
and  that  it  would  be  necessary  to  devise  a  scheme  for  measuring  the  cou¬ 
pling.  The  method  finally  developed  consists,  in  essence,  of  exploring 
the  extremities  on  a  rngdel  of  the  aircraft  with  a  spark-discharge  signal 
source  and  measuring  the  signal  induced  in  the  modeled  receiving  antenna. 

As  was  indicated  earlier,  we  are  interested  in  the  coupling  between 
the  antenna  and  a  series  of  reference  points  near  the  extremities  from 
which  corona  occurs.  In  general,  each  reference  point  is  chosen  to  be 
-sufficiently  near  the  point  at  which  corona  occurs  that  the  reference- 
point  field  varies  with  frequency  co  and  position  ^  in  the  same  manner  as 
does  the  field  at  the  corona-discharge  point.  Since  coupling  measurements 
are  generally  made  using  a  model,  however,  the  modeled  distance  of  the 
reference  point  from  the  discharging  extremity  should  be  sufficiently 
great  that  the  field  at  the  reference  point  on  the  model  is  not  influenced 
by  the  details  of  the  extremity.  In  practice,  reference  points  such  as 
those  shown  in  Fig.  2  were  employed.  Type  A  reference  points  were  located 
bn  the  surface  of  the  airfoil  and  ten  inches  in  from  the  edge  on  the  full- 
scale  aircraft.  The  field  component  measured  at  the  reference  point  was 
the  one  normal  to  the  airfoil  surface.  Type  B  reference  points  were 
located  in  the  plane  of  the  airfoil  and  ten  inches  out  from  its  edge. 

The  field  component  measured  in  this  case  was  that  in  the  plane  of  the 
airfoil  and  normal  to  its  edge. 

Let  us  now  assume  that  we  contrive  to  produce  a  spark  discharge  at 
the  reference  point  ^  with  the  discharge  axis  directed  along  the  component 


of  field  £](^,o>)  chosen  to  define  coupling  at  this  reference  point  (normal 
to  the  airfoil  surface  in  the  case  of  a  Type  A  reference  point).  The  sig¬ 
nal  induced  in  the  receiving  antenna  by  this  spark  discharge  may  be  found 
by  rewriting  the  coupling  theorem  of  Eq.  (1)  as  follows: 

c 

l2,(^)  =  -^-1^  j  f(z)J2,(2,c^)dz  (7) 

where  describes  the  current  in  the  spark  discharge  and  where  /(z) 

is  the  function  relating  the  field  existing  within  the  spark  gap  to  the 
reference  field  E  ,oi)  as  follows: 

.  (8) 

Substituting  Eq.  (4)  into  Eq.  (7)  we  obtnin 

,Ci))  f  f(z)J2^(z,o))dz  (9) 

in  which  the  integral  describes  the  spectrum  generated  by  the  spark  source. 
Since  the  same  spark  source  is  used  for  the  measurements  at  all  points  on 
the  aircraft,  the  integral  term  does  not  vary,  and  therefore  variations 
occurring  in  IjjCoj)  as  the  spark  source  is  moved  from  point  to  point  on 
the  aircraft  indicate  changes  in  the  coupling,  To  make  absolute 

measurements  of  coupling  it  is  necessary  first  to  calibrate  the  spark 
discharge  by  reading  in  a  standard  geometry  for  which  the  coupling, 

<//,  is  known. 

D  INSTBUMENTATION  FOR  COUPLING  MEASUREMENT 

A  block  diagram  of  the  instrumentation  used  in  making  the  coupling 
measurements  is  shown  in  Fig.  3.  The  attenuator,  receiver,  and  voltmeter 
were  battery  operated  and  were  housed  within  the  1/10  scale  mock-up  of 
the  KC-135  aircraft  used  in  the  coupling  studies.  A  distributed  resistance 
of  high  value  was  used  to  provide  a  dc  ground  return  to  the  mock-up,  which 
was  mounted  on  a  tower  and  isolated  from  ground  at  RF  frequencies  to  re¬ 
produce  as  nearly  as  possible  the  RF  field  distributions  existing  in  flight. 
Since  a  1/10-scale  mock-up  was  used,  the  measurement  frequencies  employed 
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FIG.  3 

BLOCK  DIAGRAM  OF  COUPLING  MEASUREMENT  INSTRUMENTATION 


were,  of  course,  ten  times  the  full-scale  frequencies  of  interest,  and  the 
r eference - point  locations  were  scaled  to  lie  along  a  line  one  inch  away 
from  the  edge  of  an  airfoil. 

To  make  a  measurement  the  spark-discharge  signal  source  was  held  in 
place  at  the  desired  reference  point  on  the  mock-up  as  is  indicated  in 
Fig.  4.  With  the  signal  source  probe  in  place  at  the  reference  point,  the 
noise  current  at  the  antenna  terminals  was  read  by  means  of  the  receiver 
connected  to  the  terminals  and  tuned  to  the  proper  scale  value  of  the  fre¬ 
quency  being  investigated.  Following  this  measurement  the  receiver  was 
connected  to  the  standard  parallel-plate  coupling  electrodes  into  which 
the  probe  was  inserted.  Attenuation  was  then  inserted  into  the  line  con¬ 
necting  these  electrodes  to  the  receiver,  until  the  reading  was  the  same 
as  that  which  was  obtained  with  the  receiver  connected  to  the  antenna. 
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In  this  way  the  receiver  was  used  only  as  a  frequency>determining  and 
amplitude-comparison  device;  neither  its  absolute  sensitivity  nor  its'!' 
noise  bandwidth  was  important.  The  coupling  factor  to  reference  point 
was  thus  defined  in  terms  of  the  known  coupling  factor  for  the  standard 
electrodes  and  the  attenuation  necessary  to  equalise  the  readings  by  the 
relationship:  K:  -f. r* 
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FIG.  4 

MEASUREMENT  OF  COUPLING  FACTOR  FOR  BOEING  707  AIRCRAFT 
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^■Kd  system  including  attenuator  when  model 

antenna  is  connected 

-  gain  of  system  including  attenuator  when  standard 
coupling  electrodes  are  connected. 


Since  the  measurements  were  performed  on  a  scaled-down  model  of  the  air- 
,  craft,  and  since,  for  a  given  antenna  voltage,  the  coupling  fields  vary 
.^inversely  as  the  dimensions  of  the  aircraft,  provided  the  antenna  is  also 
. . scaled,  the  coupling  to  the  reference  point  on  the  aircraft  is  given  by 


■  '4- 


-A  = 


0 


■  o  d 


N 


(11) 


^  =., modeling  factor  (for  the  KC-135  measurements,  JV  =  10). 


where'*' 

- 

‘  ^  i  Details  of_ the  signal-source  probe  used  in  performing  these  measure- 

•  ”i  ^  shown  in  Fig.  5.  The  signal  is  generated  by  a  spark  discharge 

1  >-i.,  ^  ihetween  the,  two  platinum  electrodes  fed  with  high-voltage  dc  through  the 


FIG.  5 

DESIGN  OF  SPARK-SOURCE  SIGNAL  PROBE 


long  distributed  resistance.  Since  the  distributed  resistance  does  not 
perturb  the  radio- frequency  fields  about  the  mock-up,  the  RF  source  is 
effectively  confined  to  the  very  small  volume  containing  the  electrodes. 

The  presence  of  the  electrodes  does,  of  course,  perturb  the  field  in  the 
immediate  vicinity  of  the  reference  point  at  which  a  measurement  is  made. 
However,  since  the  reference  points  were  chosen  so  that  over  the  volume 
occupied  by  the  electrodes  the  field  is  essentially  uniform,  and  since 
the  field  in  the  space  between  the  standard  parallel-plate  coupling  elec¬ 
trodes  is  also  uniform,  the  same  field  distortion  will  occur  when  taking 
the  standard  coupling  reading.  In  this  manner,  the  errors  resulting  from 
field  distortions  caused  by  the  spark-gap  electrodes  are  self-cancelling. 

The  spark  discharge  fed  through  the  high  resistance  is  a  type  of 
relaxation  oscillator.  Since  the  individual  sparks  composing  the  discharge 
are  extremely  sharp  pulses  it  furnishes  a  white-noise  type  of  signal  of 
very  broad  band.  (Frequencies  as  high  as  160  Me  were  used  in  making  cou¬ 
pling  measurements.)  Since  coupling  measurements  are  made  by  using  the 
same  receiver  to  compare  the  magnitudes  of  the  signals  that  the  spark 
source  induces  in  each  of  two  coupling  geometries,  the  precise  shape  of 
the  noise  spectrum  generated  by  the  probe  is  unimportant  provided  suffi¬ 
cient  power  to  permit  measurements  is  available  at  the  frequencies  of 
interest.  It  is,  of  course,  essential  that  the  characteristics  of  the 
spark  noise  source  do  not  vary  with  time.  If  an  oscilloscope  were  used 
to  observe  the  individual  pulses  that  the  spark  discharge  generated  in 
the  receiver  IF  circuit,  this  would  mean  that  the  pulse  shape  and  pulse 
amplitude  could  not  vary.  Since  a  voltmeter  was  used  to  measure  the  re¬ 
ceiver  IF  output,  however,  it  was  necessary,  in  addition,  that  the  pulse- 
repetition  frequency  be  stable.  It  was  found  that  the  signal  generated 
by  the  probe  was  stable  in  all  respects.  As  a  check  on  the  stability  of 
the  spark  source  during  the  coupling  measurements,  periodic  readings  were 
made  of  the  signal  induced  by  the  probe  in  the  standard  parallel-plate 
coupling  electrodes. 

It  should  be  noted  that  in  performing  the  actual  coupling  measurements 
the  probe  was  not  always  held  at  a  reference  point.  In  regions  of  low 
coupling  where  the  signal  strength  of  the  probe  was  marginal  it  was  neces¬ 
sary  to  move  the  probe  out  to  the  region  of  higher  field  at  the  trailing 
edge  to  produce  a  useable  signal  in  the  receiver.  Since  the  field  distor¬ 
tions  produced  by  the  probe  at ' the  trailing  edge  were  altogether  different 
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from  the  distortions  occurring  in  the  standard  electrodes,  the  trailing* 
edge  readings  could  not  be  used  in  Eq.  (10)  directly.  The  ratio  of  the 
reference-point  reading  to  the  trailing-edge  reading  therefore  was  measured 
at  a  region  of  high  coupling  and  used  to  correct  the  trailing-edge  data 
before  substitution  into  Eq.  (10). 

E.  RESULTS  OF  COUPLING  MEASUREMENTS 

Results  of  the  coupling  measurements  performed  on  two  antennas  on  the 
Boeing  367-80  aircraft  (prototype  of  the  KC-135  and  707)  are  shown  in 
Fig.  6.  The  antennas  used  in  making  these  measurements  were  a  small  tail 
cap  and  a  flush  belly  antenna  located  in  the  fairing  at  the  root  of  the 
wing.  These  were  the  antennas  employed  in  making  precipitation-static  noise 
measurements  during  the  flight  test  conducted  on  Contracts  AF  33(616)-3914 
and  AF  33(616)-6561.  Although  the  coupling  factors  actually  measured  includ 


FIG.  6 

MEASURED  COUPLING  FACTORS  FOR  ANTENNAS  ON  BOEING  367-80  AIRCRAFT 


the  characteristics  of  the  particular  antenna  used  in  making  the  measure¬ 
ments,  the  form  of  the  coupling  as  a  function  of  frequency  will  not  be 
affected  by  the  details  of  the  test  antenna,  provided  the  antenna  dimen¬ 
sions  are  small  compared  to  a  wavelength  at  the  frequencies  of  interest. 

In  this  case,  only  the  magnitude  of  the  coupling  function  will  be  affected 
by  a  change  in  the  antenna.  The  data  shown  in  Fig.  6  have  therefore  been 
adjusted  to  represent  the  coupling  to  an  antenna  hay,ing  unity  induction 
area,  a,  in  response  to  a  low-frequency,  vert ically-pol ari zed ,  hori zoht ally • 
propagating  signal.  (The  induction  areas  of  the  test  antennas  , mounted  at 
the  indicated  locations  were  determined  using  the  electrpstatic-cage ‘ - 
techniques  developed  by  Bollj ahn. )  Thus  the  curves  shown  in' the  figure' 

may  be  considered  to  define  the  coupling  between  the  various  aircraft 
extremities  and  the  general  regions  in  which  th:e  test  antennas  .were  located.. 
To  apply  the  data  to  a  particular  antenna  at  one  of  these  locations  it  is 
necessary  to  multiply  the  values  of  Fig,  6  by  the  .induction  area  of  the  . 
antenna  in  response  to  a  horizontally-propagatihgV';i  verticiilly  -poilarized  , 
signal.  (For  additional  discussion  of  considerat'ions  involving  coupling, 
see  Sec.  VI-C. )  ‘ 

The  variation  with  frequency  of  the  coupling  xb ^the,  various  points 
is  of  considerable  interest,  since  it  shows  the  effec't  of  the  various 
electromagnetic  resonances  of  the  aircraft.  For  example,,  the  peak  in 
coupling  between  the  belly  antenna  and  the  tips  of.-  the  tail'  surfaces  at  ' 
approximately  3  Me  occurs  at  the  frequency  which  makes^^the-  path  distance 
from  a  point  just  aft  of  the  wings  to  a  tip  of  one  of  the  tail  surfaces 
one-quarter  wavelength.  As  might  be  expected,  the  coupling’  f actor., ?  ,  is. 

related  to  the  antenna  impedance;  the  variations  of  which  are  also  deter¬ 
mined  by  electromagnetic  resonances.  In  the  case  of  simple  structures 
for  which  the  forms  of  z^j,  the  self  impedance  of  the  antenna,  and  ^12- 
the  mutual  impedance  between  the  antenna  and  the  noise  source,  are  known, 
it  is  possible  to  calculate  the  form  of  i//  as  a  function  of  f r eqiiency . 

The  presence  of  the  resonance  peaks  in  the  coupling  function  serves  to 
emphasize  the  fact  that  the  pulses  arriving  at  the  antenna  terminals  will 
differ  from  the  pulses  generated  .by  the  corona  discharges'  at  the  extremities 
in  that  they  will  be  stretched  out  in  time  by  aircraft  resonances.**  As  is 
indicated  in  Sec.  VIII-G,  this  pulse-stretching  is  of  interest  in  the  design 
of  interference  “blankers”  (devices  designed  to  reduce  interference  by  dis¬ 
abling  the  receiver  for  the  duration  of  each  noise  pulse  arriving  at  the 
antenna)  since  it  sets  a  lower  limit  on  the  blanking  period  which  may  be  used. 
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It  is  evident  from  Fig.  6  that  each  of  the  coupling  curves  shown  has 
its  own  characteristic  behavior  as  a  function  of  frequency.  Therefore, 
if  a  broad-band  noise  source  such  as  a  corona  discharge  is  moved  from  one 
to  the  other  of  the  aircraft  extremities,  the  noise  spectrum  induced  in 
the  receiving  antenna  is  determined  by  the  location  of  the  noise  source. 

For  example,  the  noise  coupled  into  the  tail  cap  from  the  rudder  is  par¬ 
ticularly  easy  to  identify  since  the  antenna  and  rudder  are  sufficiently 
near  one  another  that  the  coupling  is  relatively  independent  of  frequency, 
whereas  the  coupling  to  the  other  extremities  displays  a  marked  frequency 
dependence.'  The  ability  to  infer  noise-source  location  from  the  antenna 

noise  spectrum  was  use  ful  in  de¬ 
signing  flight-test  experiments 
and  in  analyzing  flight-test  data. 

Also  of  interest  is  the 
variation  of  the  coupling  at  a 
particular  frequency,  with  posi¬ 
tion  along  an  airfoil.  This  is 
illustrated  in  Fig.  7,  which  is 
a  plot  of  the  variation  in  cou¬ 
pling  of  the  belly  antenna  to  the 
trailing  edge  of  the  wing  near 
the  tip.  The  coupling  is  propor¬ 
tional  to  the  charge  density  that 
would  be  excited  by  the  antennas 
if  a  voltage  were  applied  to  them. 
At  all  frequencies  the  charge 
tends  to  concentrate  at  the  ex¬ 
tremities,  as  shown  by  the  plot 
in  Fig.  7.  Thus  the  coupling 
tends  to  be  maximum  at  the  points 

where  discharges  are  most  likely  to  occur.  The  dip  in  coupling  at  14  Me 
^occurs  at  a  distance  approximately  one-quarter  wavelength  from  the  tip. 

This  result  'also  indicates  the  fallacy  in  assuming  that  the  noise  induced 
in  an  antenna  on  an  aircraft  will  always  decrease  as  the  noise  source  is 
moved  away  from  the  antenna.  From  Fig.  7  it  is  apparent  that  on  the 
trailing. edge  of  the  wing  near  the  tip,  moving  a  noise  source  away  from 
the  belly  antenna  increases  the  noise  induced  in  the  antenna. 


■  •  FIG.  7 

VARIATION  NEAR  TIP  OF  WING  OF  COUPLING  TO 
BELLY  ANTENNA  IN  KC-135  AIRCRAR 
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Ill 


CORONA- DISCHARGE  CHARACTERISTICS 


A.  GENERAL 

As  was  indicated  earlier,  an  aircraft  flying  through  precipitation 
generally  becomes  neg.atively  charged  as  the  result  of  triboelectric 
charging  associated  with  precipitation  particle  impingement.  Engine 
charging  observed  during  the  low-altitude  operation  of  turbojet  aircraft 
also  charges  the  airplane  negatively.  In  both  cases,  under  the  action  of 
the  charging,  the  aircraft  potential  will  become  progressively  more  negative 
until  corona  discharges  occur  from  the  regions  of  high  dc  field  at  the 
extremities.  As  a  rule,  the  discharges  occur  from  burrs  and  imperfections 
which  exist  on  these  extremities  and  which  tend  to  produce  further  localized 
field  concentrations.  These  negative-point  corona  discharges  are  respon¬ 
sible  for  the  generation  of  RF  interference;  therefore  their  characteristics 
are  of  interest.  Moat  significant  in  regard  to  noise  generation  is  the 
fact  that  the  discharges  occur  as  a  series  of  discrete  impulses  of  short 
duration  and  rapid  rise  time  and  therefore  produce  noise  over  a  broad 
spectrum.  Explanations  for  many  of  the  observed  characteristics  of  the 
negative-point  corona  discharge  follow  from  a  qualitative  description  of 
the  discharge  process. 

In- order  for  a  discharge  to  occur  it  is  necessary  that  the  field  be 
sufficiently  high  that  an  electron,  on  the  average  ,  will  acquire  ionizing 
energy  between  collisions,  thereby  producing  additional  electrons.  The 
action  of  this  applied  field  upon  a  chance  electron  (produced  perhaps  by 
high-energy  radiation)  in  the  region  near  the  point  moves  it  away  from  the 
point  and  causes  it  to  collide  with  air  molecules  which  become  ionized, 
producing  additional  electrons  which  in  turn  are  accelerated  by  the  field. 
This  electron  avalanche  continues  to  propagate  and  grow  until  it  reaches  a 
region  at  a  distance  from  the  point  where  the  field  is  too  low  to  permit 
ionization  by  collision  and  where  the  electrons  are  slowed  sufficiently 
that  they  attach  to  oxygen  molecules  to  produce  Oj  ions.  Since  the  Oj  ions 
are  much  less  mobile  than  the  electrons,  they  may  be  considered  to  be 
stationary  as  far  as  the  discharge  processes  are  concerned.  This  relatively 
stationary  cloud  of  Oj  ions  tends  to  reduce  the  field  between  itself  and 
the  point,  thereby  reducing  the  distance  to  which  the  next  avalanche  can 


propagate.  The  cloud  of  positive  ions  left  behind  by  the  electrons,  on 
the  other  hand,  tends  to  increase  the  field  between  itself  and  the  point 
so  that  avalanches  are  initiated  more  readily  in  this  region.  Many  of  the 
free  electrons  necessary  for  avalanche  formation  are  probably  supplied  by 
photoemission  from  the  negative  point.  The  discharge  continues,  therefore, 
as  a  series  of  successive  avalanches.  Each  avalanche  propagates  a  shorter 
distance  than  the  last  as  the  inner  limit  of  the  cloud  of  Oj  ions  approaches 
the  discharge  point.  Meanwhile,  the  positive  ions  are  being  drawn  into 
the  point.  '  Finally  the  negative  space  charge  reduces  the  field  near  the 
point  to  such  an  extent  that  ionization  by  collision  is  no  longer  possible, 
and  the  discharge  is  choked  off.  At  sea- level  pressures  this  entire 
process  is  completed  in  roughly  0.2  microsecond.^  Under  the  action  of  the 
wind  and  the  applied  electric  field  the  ions  are  gradually  swept  away  from 
the  point,  allowing  the  field  to  rise  to  a  value  sufficient  to  cause 
ionization  by  collision,  and  the  whole  process  is  repeated. 

A  thorough  study  was  made  in  Ref.  7  of  the  characteristics  of  the 
pulses  produced  by  negative-point  corona  discharges  occurring  from  care¬ 
fully  prepared,  thin,  hemispherically  capped  cylinders.  It  was  found  that 
the  rise  times  of  the  pulses  were  very  short  (less  than  0.01  fisec  at  sea 
level)  and  that  an  exponential  adequately  described  the  pulse  decay.  It 
was  found,  furthermore,  that  both  the. rise,  and  decay  times  varied  inversely 
with  the  pressure.  The  results  also  indicated  that  the  spatial  extent  of 
the  discharge  roughly  equalled  the  point  radius. 

The  observed  pressure  dependence  may  be  explained  qualitatively  by 
considering  the  fundamental  processes  involved  in  a  discharge.  In  order 
that  a  discharge  may  propagate  it  is  necessary  that  between  collisions  an 
electron  acquire  ionizing  energy  from  the  electric  field.  If  the  air 
pressure  is  now  halved,  for  example,  the  ionizing  energy  is  not  changed, 
but  now  the  electron  can  travel  twice  as  far  in  acquiring  this  energy, 
which  indicates  that  the  applied  field  required  for  the  discharge  to  occur 
is  only  half  as  great.  Thus  the  threshold  potential  is  inversely  propor¬ 
tional  to  pressure.  (In  these  arguments  it  is  assumed  that  over  the  extent 
of  the  discharge  the  field  is  relatively  constant  —  a  reasonable  assumption 
in  view  of  the  observation  that  the  spatial  extent  of  the  discharge  is 
only  one  point  radius.  The  argument  obviously  does  not  apply  in  the  case 
of  points  with  radii  of  the  same  order  as  the  mean  free  path  of  the 
electrons. )  Since  at  the  halved  pressure  the  ionizing  energy  is  not 
changed,  the  final  velocity  of  the  electron  is  not  changed,  and  its  average 
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velocity  is  not  changed.  At  the  halved  pressure,  however,  the  distance 
traveled  between  collisions  is  doubled,  which  means  that  the  time  between 
collisions  is  doubled  or  that  the  time  between  collisions  is  inversely 
proportional  to  pressure.  If  the  elapsed  time  between  the  successive 
ionizations  constituting  the  discharge  is  inversely  proportional  to 
pressure ,  the  time  structure  of  the  entire  discharge  process  should  be 
inversely  proportional  to  pressure,  as  was  indicated  by  the  measurements. 

The  relationship  between  the  spatial  extent  of  the  discharge  and  tip 
radius  follows  from  the  fact  that  an  avalanche  will  propagate  until  it 
reaches  a  region  where  the  field  is  too  low  to  permit  ionization.  In  order 
that  discharges  may  occur,  the  field  at  the  surface  of  the  discharge  point 
must  reach  a  given  value  independent  of  the  point  dimensions.  Furthermore, 
the  field  a  prescribed  number  of  point  radii  from  the  surface  will'  fall  to. 
a  given  percentage  of  the  surface  field  independent  of  the  point  dimensions. 
Thus  the  avalanches  should  be  expected  to  propagate  a  distance  proportional 
to  the  point  radius  —  roughly  one  point  radius  according  to  the.  measurements. 
From  Eq.  (1)  it  is  evident  that  the  amplitude  of  the  induced  current  pulse 
is  proportional  to  the  spatial  extent  of  the  current  density  J**,  Since 
the  spatial  extent  of  the  discharge  is  roughly  equal  to  the  point  radius, 
the  amplitude  of  the  current  pulse  measured  in  a  given  geometry  should  be 
proportional  to  the  radius  of  the  discharge  point.  The  measurements  of 
Ref.  7  indicated  that  the  amplitude  of  the  induced  current  pulse  does 
indeed  increase  with  increasing  discharge -point  radius.  > 

Although  the  results  of  Ref.  7  provide  valuable  insight  into  the 
corona  noise  problem,  it  would  be  difficult  to  apply  the  results  of  the 
measurements  to  the  quantitative  prediction  of  the  noise  generated  in  an 
aircraft  antenna.  In  particular,  corona  discharges  on  an  aircraft 
generally  occur  from  imperfections  on  the  outboard  trailing  edges  of  the 
airfoils.  Since  the  field  near  an  edge  decays  more  slowly  than  it-  does 
near  the  end  of  a  thin  cylinder,  the  discharge  from  an  edge  may  be  expected 
to  have  a  structure  different  from  that  of  a  discharge  from  the  end  of  a 
cylinder.  Furthermore,  the  discharges  occur  from  various  irregular  imper¬ 
fections  along  the  trailing  edge  so  that  the  character  of  the  generated 
noise  can  vary  depending  upon  the  particular  imperfection  from  which  the 
discharge  is  occurring.  In  order  to  describe  the  RF  fields  which  determine 
the  coupling  it  would  be  necessary  to  take  into  account  the  perturbations 
caused  by  the  imperfections  from  which  the  discharges  occur.  It  would  be 
difficult,  therefore,  to  determine  the  amplitudes  of  the  generated  noise 
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pulses.  For  these  reasons  laboratory  measurements  were  made  to  study  the 
characteristics  of  the  noise  generated  by  negative-point  corona  discharges 
occurring  from  the  edge  of  a  sheet. 

B.  INSTRUMENTATION  FOR  MEASUREMENT  OF  CORONA  SPECTRAL 
CHARACTERISTICS 

From  the  results  of  Ref.  7  it  was  evident  that  the  structure  of  a 
^j^corona  discharge  from  the  edge  of  a  sheet  should  be  very  similar  to  that 
of  a  discharge  from  the  end  of  a  thin  cylinder.  Thus,  the  general  form 
of  the  corona  pulses  occur  ring  on  an  aircraft  was  known,  and  it  would  not 
be  necessary  to  perform  direct  measurements  of  individual  corona  pulses 
using  oscillographic  techniques.  For  this  reason,  the  characteristics  of' 
the  corona  discharge  from  an  edge  were  studied  more  indirectly  by  confining 
the ' laboratory  investigation  primarily  to  the  measurement  of  the  source 
spectrum  D(o)) .  Spectrum  measurements  performed  on  a  full-scale  mock-up 
of  an  airfoil  automatically  include  the  effects  of  burrs  and  imperfections 
in  modifying  discharge  character  and  coupling.  The  results  of  these 
measurements  therefore  may  be  used  to  predict  the  noise  spectra  generated 
in  aircraft  receiving  antennas.  Furthermore,  considerable  information 
regarding  the  structure  of  an  average  corona  pulse  may  be  inferred  from  a 
knowledge  of  D{co) , 

The  source  spectrum  was  studied  by  reproducing,  in  the  laboratory,  a 
full-scale  section  of  airfoil  trailing  edge  together  with  the  dc  and  RF 
coupling  fields  which  surround  it.  Near  the  trailing  edge  of  the  airfoil 
the  field  geometry  is  parabolic.  In  the  laboratory,  therefore,  one  of 
the  equipotential  surfaces  was  replaced,  as  is  indicated  in  Figs.  8  and  9, 
by  a  sheet  of  aluminum  bent  to  the  shape  of  a  cylinder  of  parabolic  cross 
section.  Voltage  dividers  and  guard  rings  placed  along  appropriate 
equipotential  surfaces  were  used  to  reduce  field  fringing,  to  permit  the 
des  ired  field  structure  to  be  obtained  using  electrodes  of  reasonable  size. 
It  will  be  noted  that  both  capacitive  and  resistive  dividers  were  used 
between  the  guard  rings  to  be  certain  that  both  the  RF  and  dc  field 
structures  were  correct.  The  dimensions  of  the  mock-up  were  chosen  to  be 
small  compared  to  a  wavelength  at  the  highest  frequency  used  in  the 
measurements  so  that  the  coupling  to  the  reference  point  in  the 

laboratory  mock-up  is  independent  of  frequency,  and  any  frequency  variations 


(obieriptcX  OB  tko  qaBatitioa  dioevoBod  koro  rofor  to  quoatitioo  ■■  aaoiurod  oa  Bock-apo  is  tko 
lakoratory. 
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DIAGRAM  OF  TRAILING-EDGE  NOISE-MEASURING  SET-UP 


FIG.  9 

CORONA  NOISE  MEASURING  SET-UP 
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noted  during  the  measurements  may  be  attributed  to  the  source  spectrum. 
Furthermore,  since  thif^  field  geometry  in  the  mock-up  is  known  it  is  possible 
to  calculate  the  magnitude  of  the  coupling.  It  is.  of  course,  possible  to 
measure  the  coupling  to  the  reference  point  in  the  mock-up  using  the 
techniques  described  in  Sec.  II-D.  The  measured  and  calculated  values  of 
were  in  good  agreement. 

The  measuring  terminals  of  the  mock-up  were  terminated  with  a  51-ohm 
resistor,  the  resistance  of  which  is  small  compared  to  the  reactance  of 
the  electrode  structure.  Thus,  the  RF  current  flowing  through  this 
resistor  may  be  assumed  to  equal  the  short-circuit  terminal  current. 

This  same  Sl-ohm  resistor  formed  part  of  the  Jc  path  to  ground  for 
the  discharge  current.  The  dc  ground  path  was  completed  through  the 
100  kQ  resistor  paralleled  by  the  vacuum-tube  voltmeter  used  to  measure 
discharge  current.  In  order  that  this  circuit  function  properly,  it  was 
necessary  that  the  100  kfl  resistor  provide  the  only  path  to  ground.  For 
this  reason  all  of  the  measuring  instruments  were  operated  from  an 
isolation  transformer  with  all  of  their  cases  above  dc  ground  potential. 
Although  this  particular  current-measuring  scheme  complicates  the  problem 
of  instrumentation  somewhat,  it  was  chosen  since  the  meter  measures  directly 
the  current  leaving  the  airfoil  section..  A  meter  in  the  groundtreturn 
circuit  of  the  power  supply,  for  example,  would  also  measure  bleeder 
current  and  current  lost  in  spurious  corona  discharges  from  the  high- 
voltage  wiring  and  the  aluminum  plate. 

When  the  dc  voltage  applied  to  the  mock-up  is  raised  until  corona 
occurs,  noise  will  exist  at  the  measuring  terminals.  The  power  spectral 
density  G^(cu)  of  this  noise  is  defined  by 

f  *  • 

P  =  G.(w)  dw  r.,-  (12) 

"i  ■■  ■  ,■  •'  k--  1 

where  P  is  the  power  dissipated  in  a  one-ohm  resistor  in  the  band  of 
frequencies  from  to  cuj.  The  spectral  density  is  related  to  the  short- 
circuit  current  generated  in  the  laboratory  mock-up  terminals  by 

‘  •  (13) 
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Substituting  this  result  into  Eq,  (6)  gives 

/gJ^)  -  \D(ai)\ 

or 

|fl(a>)l  -  yCA^)  (14) 

Since  the  mock-up  duplicates  the  conditions  existing  in  flight,  the  source 
spectrum  measured  in  the  laboratory  is  identical  with  that  existing  in 
flight.  Thus  we  may  write  for  the  noise  spectrum  existing  in  an  aircraft 
antenna 

/^)  -  |fi(o>)|  (15) 

where  |D(aj)l  is  given  by  Eq.  (14).  and  where  i/<(^,a>)  is  the  coupling  to  the 
reference  point  ^  on  the  airfoil  of  interest  on  the  full-scale  aircraft. 

In  making  noise  measurements  in  the  laboratory  the  noise  generated 
in  the  mock-up  was  fed  through  a  calibrated  attenuator  to  a  receiver  tuned 
to  the  frequency  of  interest.  The  attenuator  was  adjusted  until  the  IF 
output  of  the  receiver  produced  a  convenient  reading  on  the  voltmeter. 

The  receiver  and  attenuator  were  then  connected  to  a  diode  noise  generator 
and  the  attenuator  was  adjusted  to  produce  the  same  voltmeter  reading. 

The  noise  spectral  dei.  sity  in  the  mock-up  was  found  from  the  spectral 
density  produced  by  the  noise  generator  and  the  two  attenuator  settings. 

In  this  way  the  receiver  was  used  only  as  a  comparison  device  and  the 
absolute  values  of  its  gain  and  bandwidth  are  unimportant  provided  they 
remain  constant  during  the  time  required  for  a  measurement. 

To  investigate  the  variation  of  noise  spectrum  with  altitude  a  small 
mock-up  of  the  airfoil  and  the  surrounding  fields  was  built  and  placed 
in  a  bell-jar.  A  photograph  of  this  mock-up  is  shown  in  Fig.  10.  Noise 
measurements  were  made  at  pressures  ranging  from  sea  level  to  50,000  feet 
altitude.  The  instruments  used  for  these  measurements  were  identical  with 
those  shown  in  Fig.  8. 

C.  RESULTS  OF  CORONA- DISCHARGE  MEASUREMENTS 

The  results  of  corona-noise  measurements  made  using  the  airfoil 
trailing-edge  mock-up  are  shown  in  Fig:  11.  The  measurements  were  made 
at  sea  level  using  a  receiver  frequency  of  2  Me. 
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FIG.  10 

SET-UP  USED  TO  STUDY  EFFECTS  OF  ALTITUDE  ON  CORONA  NOISE 
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FIG.  11 

NOISE  AMPLITUDE  FROM  TRAILING  EDGE 

At  high  discharge-current  values  the  noise-current  spectral  density 
varies  as  the  square  root  of  the  discharge  current.  This  result  follows 
from  the  fact  that  the  discharge  is  composed  of  a  series  of  almost  identi¬ 
cal  current  pulses  occurring  at  random  times.  If  we  assume  that  the 
individual  corona  discharges  are  identical  ,  the  number  of  discharges 
occurring  per  second  will  be  proportional  to  the  discharge  current.  Since 
the  pulses  are  incoherent,  each  pulse  will  contribute  an  equal  amount  of 
noise  energy  to  the  system.  Thus,  the  noise  power  will  vary  directly  with 
discharge  current,  which  means  that  the  noise  current  varies  as  the  square 
root  of  the  discharge  current. 
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At  the  lower  discharge-current  values,  the  noise  current  is  seen  to 
vary  more  rapidly  with  the  discharge  current.  This  result  follows  from 
two  facts.  First,  at  very  low  discharge  currents,  the  discharge  occurs 
from  a  very  limited  number  of  points,  and  the  discharge  from  each  of  these 
consists  of  an  almost  periodic  train  of  nearly  identical  pulses.  Increasing 
the  current  from  such  a  point  increases  the  frequency  of  the  discharge, 
but  does  not  alter  the  pulse  shape.  The  discharge  thus  te|nds  to  consist 
of  a  nearly  coherent  set  of  pulses,  for  which  the  noise  power  density  tends 
to  be  proportional  to  the  aqitare  of  the  discharge  current.  Second,  in 
this  current  range  the  corona  pulses  occurring  from  the  different  points 
on  the  trailing  edge  differ  conaiderably  in  amplitude.  As  the  high  voltage 
is  applied,  corona  will  occur  first  from  the  sharpest  imperfections.  Since' 
it  was  found  in  Ref.  7  that  the  pulse  magnitude  increased  with  increasing 
discharge-point  radius,  these  pulses  should  be  of  relativeily  low  amplitude. 

As  the  voltage  is  raised,  corona  will  occur  from  imperfections  of  slightly 
larger  radius,  generating  pulses  of  larger  amplitude.  Thus  the  over-all 
effect  of  increasing  the  current  is  an  increase  in  the  average  pulse 
amplitude,  so  that  the  noise  current  increases  more  rapidly  than  the  square 
root  of  the  discharge  current.  At  the  higher  discharge  currents  the  major 
local  imperfections  become  used  up,  making  local  structure  less  important 
in  determining  the  locations  of  individual  discharges,  so  that  pulse  ampli¬ 
tude  becomes  almost  independent  of  discharge  current.  Here  the  square 
root  relationship  between  noise  current  and  discharge  current  will  apply 
almost  exactly. 

The  manner  in  which  noise-current  spectral  density  varies,  with  fre-  % 
quency  and  altitude  is  shown  in  Fig.  12.  Since  the  noise-amplitude'*  data 
of  Fig.  11  were  measured  at  sea  level  and  at  a  frequency  of  2  Me,  the  data 
shown  in  Fig.  12  have  bean  normalized  to  unity  at  2  Me  at  sea  level.  To 
obtain  the  source  noise-current  spectral  density  at  any  particular  discharge 
current,  altitude,  and  frequency,  therefore,  it  is  necessary  only  to 
multiply  the  absolute  value  obtained  for  the  desired  current  from  Fig.  11 
by  the  relative  spectral  density  for  the  desired  altitude  and  frequency 
obtained  from  Fig.  12. 

As  has  been  indicated  earlier,  it  was  found  in  Ref.  7  that  the  rise 
time  of  a  corona  pulse  is  so  short  that  for  frequencies  below  30  Me  no 
error  results  in  representing  the  pulse  by  a  decaying  exponential  with 
sero  rise  time.  Thus  it  is  possible  to  write  for  a  typical  corona  noise 
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fit)  ■  A^e  •  for  t  >  0  (16) 

where  and  are  random  variables  describing  the  amplitude  and  decay 
time  which  vary  from  pulse  to  pulse,  depending  upon  small  local  differences 
in  trailing-edge  geometry.  Assuming  that  the  variation  in  is  small, 
it  is  shown  in  Appendix  B  that  the  power  spectrum  produced  by  v  pulses  per 
second  is  given  by 


.  V  A* 

G(m)  - - — - 

TT  +  a* 

where 


■  mean  square  amplitude 
=  average  decay  constant. 
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FIG.  12 

NORMALIZED  NOISE  SPECTRUM  FROM  TRAILING  EDGE 


Thus  the  predicted  current  spectral  density  is  given  by 


Curves  of  this  form  were  plotted  on  Fig.  12  to  fit  the  experimental  data 
points  as  well  as  possible.  From  these  curves  it  is  possible  to  obtain  a 
and  the  value  of  the  current  spectral  density  at  *ero  frequency 


/gToI  «  —  (19) 

^  n  a 

The  time  constant  t  ■  l/a  and  v^G( 0)  are  plotted  as  a  function  of  pressure 
in  Fig.  13.  The  data  indicate  that  the  time  constant  varies  inversely 


FIG.  13 

CORONA  SPECTRUM  CHARACTERISTICS  vs.  PRESSURE 
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FIG. 

CORONA  PULSE  AMPLITUDE  vs.  PRESSURE 

with  pressure.  Furthermore,  since  the  asymptote  /G(0)  also  varies  inversely 
with  pressure  it  is  evident  from  Eq.  (19)  that  the  pulse  rate  v  and  the 
pulse  amplitude  A  must  vary  in  such  a  manner  that  the  product  A/v  remains 
constant . 

To  determine  the  corona  pulse  rate  the  output  from  the  bell-jar 
mock-up  shown  in  Fig.  10  was  fed  to  a  Tektronix  121  amplifier  which  drove 
a  Hewlett-Packard  523B  electronic  counter.  Pulse  rates  were  measured  at 
sea  level  and  at  a  pressure  equivalent  to  50,000  ft.  altitude.  The 
results  of  these  measurements  are  plotted  in  Fig.  14.  Also  shown  in  this 
figure  is  the  manner  in  which  pulse  amplitude  must  vary  with  pressure  to 
meet  the  requirement  that  Ay/v  be  independent  of  pressure.  The  fact  that 
these  results  indiewite  that  the  amplitudes  of  the  pulses  from  the  edge  of 
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a  sheet  decrease  with  increasing  pressure  was  disconcerting,  since  the 
measurements  of  Ref.  7  using  hemispherically-capped  wires  indicate  that 
pulse  amplitude  increaaea  with  increasing  pressure.  In  view  of  the  rela¬ 
tively  elaborate  procedure  employed  in  obtaining  the  amplitude  data  of  ' 
Fig.  14  these  data  were  suspect  (the  data  of  Ref.  7  were  obtained  by  direct' 
oscillographic  measurement).  For  this  reason  a  Tektronix  541  oscilloscope 
(30  Me  bandwidth)  was  connected  to  the  output  terminals  of  the  trailing 
edge  mock-up  of  Fig.  10  and  employed  to  observe  the  corona  pulses  as  the 
pressure  was  varied.  Although  there  was  a  large  spread  in  pulse  ampli¬ 
tudes,  the  average  amplitude  did  indeed  decrease  with  increasing  pressure 
in  general  agreement  with  the  results  shown  in  Fig-  14.  As  a  further  check 
on  the  validity  of  the  measurements  a  0. 040- inch-diameter  hemispherically- 
capped  wire  was  mounted  in  the  mock-up  of  Fig.  10  so  that  the  wire 
protruded  0,5-inch  beyond  the  edge  and  the  character  of  the  fields  near 
the  tip  of  the  wire  was  not  influenced  by  the  edge  of  the  sheet.  In  this 
case  the  pulse  amplitude  was  found  to  increase  with  increasing  pressure 
in  agreement  with  Ref.  7.  Thus  the  disagreement  between  the  amplitude 
curve  of  Fig.  14  and  the  results  of  Ref.  7  stems  from  differences  in  the 
characteristics  of  the  discharges  studied  in  the  two  cases  and  not  from 
errors  in  measurement. 

The  reasons  for  the  differences  in  the  character  of  the  noise  pulses 
produced  by  corona  discharges  occurring . from  points  and  edges  are  not  well 
understood.  Undoubtedly  these  differences  stem  from  the  differences  in 
field  structure  in  the  two  cases.  For  example,  except  in  the  immediate 
vicinity. of  burrs,  the  field  about  an  edge  is  two-dimensional,  so  that  it 
is  possible  for  a  discharge  to  spread  laterally  along  the  edge.  In  the 
case  of  a  discharge  from  a  point,  however,  the  field  drops,  off  in  all 
directions  from  the  point  permitting  very  little  spreading  of  the  discharge 
Thus,  a  change  in  pressure  might  be  expected  to  influence  the  spreading 
of  a  discharge  from  an  edge  more  than  it  did  the  spreading  from  a  point. 
Although  a  more  detailed  study  of  the  properties  of  various  corona  dis¬ 
charges  using  the  techniques  developed  here  aud  in  Ref.  7  would  undoubtedly 
produce  interesting  results,  it  was  thought  that  the  main  goals  of  this 
investigation  could  be  achieved  without  such  a  detailed  study;  therefore, 
it  was  not  undertaken. 

Since  much  of  the  current  at  low  charging  rates  leaves  from  the 
trailing  edge  tips  of  the  airfoils.,  a  brief  investigation  was  made  of  the 
noise  generated  by  these  discharges.  To  make  these  measurements,  a 
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full-scale  wooden  mock-up  of  an  airfoil  tip  (coated  with  silver  paint  and 
employing  a  0,020-inch-thick  aluminum  insert  to  simulate  the  trailing  edge) 
was  placed  in  the  electrode  structure  shown  in  Fig.  9.  Although  the  fields 
at  a  distance  from  the  mock-up  did  not  reproduce  those  existing  about  an 
actual  aircraft,  the  fields  near  the  tip  where  the  discharges  occur  were 
adequately  reproduced  since  they  are  determined  primarily  by  the  shape  of 
the  airfoil  tip  itself,  provided  all  surrounding  structure  is  sufficiently 
far  removed.  The  results  of  these  measurements  are  shown  in  Fig.  15  which 
indicates  that  the  noise  current  (a> )  generated  in  the  mock-up  is  roughly 
2.5  times  that  generated  by  discharges  from  a  trailing  edge  (see  Fig.  11). 


FIG.  15 

NOISF  AMPLITUDE  FROM  AIRFOIL  TIPS 
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IV  TOTAL  AIRCRAFT -CHARGING  CUtRENTS 


A.  FACTORS  AFFECTING  PRECIPITATION- CHARGING  RATE 

Aircraft  charging  occurs  as  the  result  of  charge  separation  when 
precipitation  particles  strike  the  aircraft.  The  charging  therefore  is 
proportional  to  the  product  of  the  average  particle  charge  and  the  number 
of  particles  striking  the  aircraft  per  unit  time.  The  number  of  particles 
®^riking  the  aircraft  is  proportional  to  the  partic  le  ..concentration  in 
the  cloud,  the  intercepting  area  of  the  aircraft,  and  the  aircraft  speed. 

Particle  concentration  varies  considerably  from  cloud  to  cloud,  and 
even  in  the  same  cloud  there  is  appreciable  variation  in  particle  con¬ 
centration.  Typical  maximum  concentrations  are*  for  cirrus-type  clouds 
2  ^  10  p ar t i c 1 e ^me t e r  and  for  a  thunderhead  6  ^  10*  particles/meter*, 
fhe  variation  of  particle  concentration  within  the  same  cloud  is  illus¬ 
trated  in  Fig.  16,  which  shows  the  results  of  particle  concentration  meas¬ 
urements  made  during  a  flight  through  a  cirrus  cloud  at  19,000  ft  altitude 


FIG.  16 

PARTICLE  CONCENTRATION  DURING  SPEED  RUN 
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The  charge  deposited  on  the  aircraft  by  an  individual  precipitation 
particle  varies  considerably  front  cloud  to  cloud  and  even  from  particle 
to  particle  within  the  same  cloud.  Typical  average  values  are  10  to 
12  /i/icoulombs  in  high-altitude  cirrus  clouds  and  as  high  as  50  to 
60  /J^tcoulombs  or  more  in  lower-altitude  clouds  containing  snow  crystals.*® 
Although  the  magnitude  of  the  average  particle  charge  is  of  interest,  the 
manner  in  which  the  average  charge  varies  with  speed  is  of  more  importance 
since  there  were  indications  that  charging  might  vary  as  rapidly  as  the 
sixth  power  of  the  speed.  If  the  sixth-power  speed  dependence  did  indeed 
exist,  and  if  this  dependence  continued  at  supersonic  speeds,  the  problem 
of  designing  a  discharger  capable  of  handling  the  required  current  would 
be  extremely  difficult. 

Figure  17  shows  the  particle-charge  data  obtained  in  a  flight  during 
which  the  aircraft  speed  was  varied  over  an  almost  2-to-l  range.*®  These 
data  were  obtained  by  using  two  probes  located  in  close  proximity  and  so 
designed  and  placed  that  they  intercepted  100%  of  the  particles  in  the 
columns  of  air  swept  out  by  them.  One  probe  was  used  to  measure  charging 
current  per  unit  frontal  area,  while  the  other  probe  was  used  to  count 
the  number  of  particles  impinging  per  second  on  a  unit  area.  The 
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FIG.  17 

PARTICLE  CHARGE  AND  SPEED  DURING  SPEED  RUN 
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particle-charge  data  shown  in  Fig.  17  were  obtained  by  dividing  the 
charging  rate  by  the  impingement  rate.  The  uncertainty  regarding  the 
magnitudes  of  some  of  the  data  points  in  the  figure  stems  from  a  pecu¬ 
liarity  of  the  particle-counting  circuit.  The  counter-triggering  circuit 
was  such  that  the  counter  operated  for  one  second  at  some  random  time 
during  a  two-second  interval.  Since,  at  the  time  these  data  were  ob¬ 
tained,  the  instrumentation  did  not  include  any  provision  for  determining 
when  during  the  two-second  interval  counting  occurred,  and  since  the 
charging  rate  often  varied  considerably  during  one  second,  the  data  are 
presented  as  follows;  The  points  in  the  figure  indicate  the  particle 
charge  obtained  by  averaging  the  charging  rate  over  the  entire  two-second 
interval  within  which  counting  occurred.  The  upper  and  lower  bounds  on 
the  data  points  represent  the  extremes  which  the  particle  charge  could 
assume,  and  were  obtained  from  the  maximum  and  minimum  average  currents 
for  a  one-second  interval  in  the  period  during  which  counting  occurred. 

It  is  evident  from  the  figure  that,  although  there  was  considerable 
variation  in  particle  charge  during  the  run,  there  appears  to  be  no  cor¬ 
relation  between  speed  and  particle  charge.  As  a  further  test  of  the 
relationship  between  particle  charge  and  speed,  the  particle-charge  data 
points  of  Fig  17  were  plotted  as  a  function  of  speed  in  Fig.  18.  Again, 
the  particle  charge  appears  to  be  independent  of  speed.  From  these  data 
therefore,  it  is  possible  to  conclude  that  any  observed  variation  of 
charging  with  speed  is  not  the  result  of  variation  in  particle  charge. 

The  one  additional  factor  affecting  charging  and  charging-rate 
measurements  is  the  effective  particle  interception  area  of  the  aircraft 
or  the  measuring  probe.  Although  at  first  glance  it  might  appear  that 
the  area  effective  in  intercepting  particles  should  be  a  constant  equal 
to  the  projected  frontal  area  of  the  aircraft  or  measuring  probe,  the 
results  of  theoretical  studies  conducted  by  the  NACA  indicate  that  the 
aerodynamic  forces  resulting  from  the  airflow  about  the  aircraft  divert 
many  particles  away  from  the  aircraft  so  that  the  effective  intercepting 
area  is  less  than  the  projected  frontal  area. 

The  NACA  studies  were  concerned  with  the  impingement  of  spherical 
water  droplets  on  various  aerodynamic  shapes.  Since  ice  crystals 

generally  are  flat  plates  or  hexagonal  prisms  having  a  much  higher 
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coefficient  of  drag  than  the  spherical  droplets,  the  NACA  data  may  not  be 
used  directly.  Assuming,  however,  that  an  ice  crystal  is  roughly  equiva¬ 
lent  to  a  spherical  droplet  of  smaller  diameter,  similar  relationships 
should  be  valid  for  crystals  and  droplets.  For  this  reason,  typical  results 
obtained  in  the  study  of  impingement  upon  a  prolate  spheroid  of  fineness 
ratio  5  are  reproduced  in  Figs.  19  and  20. 

Shown  in  Fig,  19  is  the  manner  in  which  the  effective  intercepting 
area  varies  with  speed,  droplet  diameter,  and  spheroid  length.  It  is  sig¬ 
nificant  to  note  that  the  fraction  of  the  body  effective  in  intercepting 
particles  decreases  as  the  size  of  the  body  increases.  This  result  follows 
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FIG.  19 

EFFECTIVE  INTERCEPTING  AREA  OF  PROLATE  SPHEROID 
OF  FINENESS  RATIO  5 


41 


Rfprodwcctf  from  NACA  TN  3099  M-tOfft-F-ioi 


FIG.  20 

LIMIT  OF  PARTICLE  IMPINGEMENT  ON  PROLATE  SPHEROID 


from  the  fact  that  the  body  perturbs  the  air-flow  lines  ahead  of  it  by 
introducing  a  radial  flow  component  which  acts  on  the  particles,  tending 
to  divert  them  away  from  the  body.  The  distance  to  which  this  perturba¬ 
tion  extends  is  proportional  to  the  dimensions  of  the  body.  Thus,  in  the 
case  of  a  large  body,  the  radial  flow  has  a  long  time  to  act  upon  the 
particles,  and  can  deflect  them  considerably  before  they  reach  the  spheroid. 

It  should  be  noted  also  that  the  effective  intercepting  area  decreases 
with  particle  size.  This  result  follows  from  the  fact  that  the  smaller 
particles,  having  lower  mass,  tend  to  follow  the  air-stream  lines  more 
closely  and  miss  the  body  altogether. 

It  is  also  apparent  from  the  graphs  that  the  effective  area  increases 
with  increasing  speed.  This  result  may  be  explained  by  arguing  that  as 
the  speed  is  increased  the  radial  flow  component  has  less  time  to  act  upon 
the  particles,  so  that  they  are  deflected  less  when  they  reach  the  body 
of  the  aircraft. 

Thus,  as  was  indicated  earlier,  the  results  of  the  NACA  studies 
demonstrate  that  in  computing  total  aircraft  charging  it  is  improper  to 
assume  that  the  area  effective  in  intercepting  particles  equals  the  frontal 
area  of  the  aircraft.  It  is  apparent,  furthermore,  that  the  fraction  of 
the  frontal  area  intercepting  particles  will  depend  upon  the  size  of  the 
aircraft,  its  speed,  and  the  characteristics  of  the  precipitation  through 
which  it  is  flying. 

In  addition  co  indicating  the  manner  in  which  aerodynamic  effects 
influence  aircraft  charging,  the  results  of  these  studies  are  useful  in 
designing  and  locating  partic le- study  probes.  From  Fig.  19,  for  example, 
it  is  apparent  that  if  a  probe  is  to  intercept  all  of  the  particles  in 
the  column  of  air  it  sweeps  out,  the  dimensions  of  the  probe  must  be  small. 
To  obtain  a  true  sample  of  the  particles  in  the  cloud,  the  probe  must  be 
mounted  sufficiently  far  from  the  fuselage  that  it  is  located  in  relatively 
unperturbed  air. 


Further  interesting  results  of  these  NACA  studies  are  reproduced  in 
Fig.  20.  These  data  indicate  the  manner  in  which  the  limit  of  particle 
impingement,  S^,  on  a  prolate  spheroid  varies  as  a  function  of  spheroid 
size,  speed,  and  particle  size.  It  is  evident  from  the  figure  that,  for 
a  given  particle  size,  there  is  a  point  on  the  aircraft  aft  of  which  no 
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particle  impingement  occurs.  This  result  should  always  be  considered  in 
designing  probes  to  measure  aircraft  charging  rate. 

If,  for  example,  charging  rate  were  measured  by  means  of  a  relatively 
small  patch  located  off  the  roll  axis  of  the  aircraft  as  is  indicated  in 
Fig.  21,  the  patch  current  could  be  extremely  sensitive  to  changes  in  speed 
The  aircraft  nose  was  approximated  by  a  spheroid  with  a  ten-foot  major  axis 
and  a  fineness  ratio  5,  and  the  NACA  data  were  used  to  determine  the  im¬ 
pingement  limits  shown  in  the  figure.  It  is  evident  that  for  droplets 
smaller  than  10  microns  in  diameter  the  effective  area  of  the  patch  will 
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.  FIG.  21 

EFFECT  OF  IMPROPER  CHARGING-PATCH  POSITION 

be  zero  for  speeds  less  than  500  mph,  while  for  larger  droplets  the  ef¬ 
fective  area  will  be  extremely  sensitive  to  speed.  It  is  possible,  there¬ 
fore,  that  investigators  reporting  that  the  intrinsic  charging  rate  varies 
as  a  high  power  of  the  speed  were  actually  measuring  the  manner  in  which 
the  intercepting  area  of  their  probe  varied  with  speed. 

The  precautions  taken  in  designing  and  positioning  the  particle  study 
probes  for  the  flight  tests  conducted  on  Contracts  AF  33(616)-3914  and 
AF  33(616)-6561  are  illustrated  in  Fig.  22.  To  achieve  100-percent  particl 
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FIG.  22 

PRECIPITATION  PARTICLE  STUDY  PROBES 
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interception  the  probe  dimensions  were  made  small,  and  the  probes  were 
mounted  in  an  airfoil  section  whose  thickness  was  only  1^/8  inch.  In 
order  to  locate  the  probes  in  a  region  of  undisturbed  air,  they  were 
mounted  far  from  the  fuselage  on  a  boom  projecting  forward  from  the 
fin  cap. 

B.  DETEBMJNATION  OF  CHARGING  PARAMETERS 

Although  the  results  of  the  NACA  studies  indicate  qualitatively  how 
precipitation-particle  impingement  should  vary  with  the  various  aero¬ 
dynamic  parameters,  the  lack  of  information  regarding  drag  coefficients 
of  ice  crystals  made  it  impossible  to  use  these  data  for  quantitative 
calculations  of  effective  intercepting  area  or  total  aircraft  charging 
rate.  Upon  considering  the  problem  of  determining  total  aircraft  charging, 
it  appeared  that  a  fruitful  approach  would  be  one  designed  to  take  ad¬ 
vantage  of  the  transient  information  contained  in  the  flight-test  data. 

As  was  indicated  earlier,  precipitation  density  changes  considerably  from 
point  to  point  within  a  cloud  formation  so  that  intrinsic  charging  rate, 
aircraft  potential,  and  discharge  current  all  vary  with  time.  The  varia¬ 
tions  of  these  quantities  must  satisfy  a  differential  equation  containing 
a  set  of  system  parameters  including  the  effective  area  of  the  aircraft. 

A  least-square-error  technique,  presented  in  Appendix  D,  was  devised  to 
obtain  these  parameters  using  flight  test  data  and  certain  subsidiary 
laboratory  measurements. 

By  Kirchoff's  law,  the  charge  arriving  on  the  aircraft  must  either 
be  stored  or  discharged.  Hence  we  may  write 

(20) 

c*  d  a 


where 


=  total  charging  current 
Ij  =  total  discharge  current 
V  =  aircraft  potential 

=  capacitance  of  aircraft. 


Illutratad  is  Fig.  D-1. 


Aircraft  potential  may  be  determined  from  flight-teat  data  aince  normal 
flight-teat  instrumentation  for  precipitation-static  teats  includes  pro¬ 
visions  for  recording,  as  a  function  of  time,  the  electric  field  at  some 
convenient  point  on  the  surface  of  the  aircraft.  If  there  are  no  externally 
applied  fields,  and  if  the  field  at  one  point  on  the  aircraft  is  specified, 
the  aircraft  potential  and  the  fields  on  the  remainder  of  the  surface  are 
uniquely  determined  by  aircraft  geometry.  The  relationship  between  the 
airplane  potential  and  the  electric  field  at  the  field-meter  location  may 
be  determined  by  charging  a  scale  model  of  the  aircraft  to  a  known  poten¬ 
tial  and  using  the  electrostatic  techniques  illustrated  in  Fig.  23  to 
measure  the  field  at  the  desired  point.  (Details  of  the  techniques  de¬ 
veloped  to  perform  measurements  of  this  sort  are  presented  in  Appendix  C. ) 
Using  the  results  of  the  model  measurements  and  the  flight-test  recordings 
of  electric  field,  therefore,  aircraft  potential,  V,  was  expressed  as  a 
function  of  time. 

The  value  of  the  aircraft  capacitance,  C^,  was  found  by  measuring 
the  capacitance  of  a  scale  model  of  the  aircraft  suspended  in  the  laboratory 
using  a  Q-meter  and  subsequently  increasing  the  measured  value  by  multi¬ 
plying  by  the  model-scaling  factor. 

To  find  the  total  charging  current,  it  was  assumed  that  the 

relationship  between  and  the  measured  charging  current  per  unit  frontal 
area  of  the  probe,  is  given  by 


C  h. 
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where  the  parameter  was  assumed  to  be  constant  over  each  period  of 
interest  (twenty  seconds  at  most).  If  the  charging  probe  is  designed  as 
were  the  probes  illustrated  in  Fig.  22,  so  that  its  intercepting  area 
remains  constant  and  equals  its  projected  frontal  area,  the  term  is 
then  the  effective  intercepting  area  of  the  aircraft.  Implicit  in  the 
use  of  Eq.  (21)  is  the  assumption  that  the  charging  conditions  sampled 
by  the  probe  are  representative  of  the  average  conditions  existing  on 
all  the  aircraft  surfaces.  This  assumption  is  reasonable,  provided  pre¬ 
cipitation  conditions  do  not  change  appreciably  in  distances  of  the  order 
of  a  wing  span,  and  provided  the  charging  probe  is  sufficiently  large 
that  it  averages  out  very  localized  statistical  variations  in  precipitation 
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conditions.  (As  will  be  indicated  later,*  it  appears  that  the  probe  used 
for  the  flight  tests  on  the  Boeing  367-80  aircraft  would  have  been  more 
satisfactory  had  its  frontal  area  been  somewhat  larger.) 

Although  the  discharge  characteristics  of  the  aircraft  were  unknown, 
it  was  felt  that  I ^iV)  could  be  represented  with  the  required  accuracy  by 
retaining  the  first  three  terms  of  the  Taylor’s  series  expansion  about 
the  average  aircraft  potential,  Vg ,  over  the  interval  of  interest.  Thus, 
also  substituting  Eq.  (21)  into  Eq.  (20),  we  may  write 

-  »'o)  +  ^  <22) 

where  A^,  Jg,  Uj,  and  Uj  are  as  yet  undetermined.  By  dividing  through 
i’y  (22)  may  be  re-written  in  the  norjnalized  form 

%  =  ^  +  ^2(»'  -  ^o)  +  ^,(»'  -  ^)*  +  (23) 

and  used  to  compute  the  probe-charging  rate  from  the  aircraft  potential 
(the  current  computed  in  this  manner  will  be  labeled  i*) .  The  values  of 
the  parameters  describing  the  aircraft  charging  characteristic,  and 
in  particular  -  1/A,  defining  the  intercepting  area,  were  determined 
by  requiring  that  the  mean  square  difference 

fl  =  I  (I  .  -  iV)* 

p «  p  * 

between  the  measured  instantaneous  probe  current,  the  computed 

probe  current,  i*.,  be  minimum.  (Additional  details  of  the  mathematical 
process  involved  in  the  solution  of  this  problem  are  presented  in  Sec.  1 
of  Appendix  D. ) 

Using  the  data  obtained  during  the  flight  test  discussed  in  Refs.  10 
and  11,  readings  of  and  were  taken  from  the  oscillograph  record  at 
0.1-  or  0.2-second  intervals  and  read  into  a  high-speed  digital  computer 
which  computed  the  parameters  X.^.  Using  these  parameters  in  Eq.  (23)  the 

• 

la  tka  diaeastioB  of  Fig.  26. 
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computer  calculated  i*.  from  the  potential  data,  V'..  Typical  results  cf 
calculations  of  this  sort  are  shown  in  Figs.  24(a)  and  24(b)  where  the 
agreement  between  the  measured  and  calculated  values  of  charging  current 
is  evident.  To  provide  a  quantitative  check  on  the  method,  however,  the 
computer  was  required  to  calculate  the  correlation  between  the  computed 
and  measured  charging  currents.  The  result  of  this  calculation  is  shown 
in "^ch  of  the  figures. 

The  good  correlation  obtained  between  measured  and  calculated  charging 
currents  indicates  that  the  method  of  calculation  is  valid  and  that  the 
values  obtained  for  the  parameters  (in  particular  the  value  of  the 
intercepting  area,  A should  be  accurate.  For  this  reason,  this  method 
was  used  to  study  the  manner  in  which  the  effective  area  varies.  Unfor¬ 
tunately  the  process  of  determining  A^  is  very  time-consuming,  since  for 
each  calculation  it  is  necessary  to  read  at  least  100  points  from  the 
flight-test  record;  therefore,  detailed  study  of  the  effective  intercepting 
area  has  been  restricted  primarily  to  the  data  obtained  in  a  cirrus  cloud 


FIG.  24(a) 

RESULTS  OF  CHARGING-RATE  CALCULATION,  FLIGHT  443-1 
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FIG.  24(b) 

RESULTS  OF  CHARGING-RATE  CALCULATION,  FLIGHT  446-1 

during  the  speed  run  of  flight  443-1  on  18  December  1958-  The  effective 
areas  calculated  for  this  speed  run  are  plotted  as  a  function  of  speed 
in  Fig.  25,  front  which  it  is  evident  that  the  intercepting  area  increased 
with  speed.  Furthermore,  since  the  projected  area  of  the  aircraft  was 
roughly  400  square  feet,  it  is  evident  that  the  frontal  area  during  this 
run  was  always  less  than  ten  percent  of  the  projected  area  of  the  aircraft. 
The  order  of  magnitude  of  the  area  and  the  manner  in  which  the  area  varies 
with  speed  are  both  in  agreement  with  the  results  of  the  NACA  impingement 
studies  shown  in  Fig.  19. 

As  a  further  test  of  the  validity  of  the  results  of  the  effective 
area  calculations,  an  independent  method  for  determining  the  area  was 
used.  This  second  method  described  in  Sec.  2  of  Appendix  D,  consists  es¬ 
sentially  of  using  the  measured  discharge  current  and  measured  aircraft 
potential  to  compute  the  intrinsic  charging  rate  which  is  then  compared 
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FIG.  25 

EFFECTIVE  INTERCEPTING  AREA  OF  AIRCRAFT  AS  A  FUNCTION  OF  SPED 

to  the  measured  charging  rate.  This  method  may  be  used,  therefore,  only 
if  some  means  for  estimating  total  discharge  current  is  available.  Prior 
to  December  1959  no  measured  discharge-current  data  were  available.  On 
the  flights  described  in  Ref.  11,  however,  the  currents  leaving  certain 
of  the  dischargers  on  a  wing  (including  the  outboard  trai ling-edge  dis¬ 
charger)  were  monitored  and  recorded.  On  subsequent  flight  tests  current 
was  also  monitored  from  the  fin  cap.  The  results  of  these  current 

measurements  were  combined  with  the  results  of  the  laboratory  work  de¬ 
scribed  in  Sec.  V-C  and  Sec.  V-D  to  obtain  an  empirical  equation  relating 
total  discharge  current  to  the  current  discharged  from  the  outboard  dis¬ 
charger  mounted  on  the  trailing  edge  of  the  wing. 

Using  data  obtained  during  the  flights  discussed  in  Ref.  11,  charging 
rate  calculations  were  carried  out  using  Methods  1  and  2  of  Appendix  D. 

The  results  of  these  calculations  together  with  the  measured  charging  rate 
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are  shown  in  Figs.  26(a)  and  26(b).  In  both  figures  the  calculated  points 
lie  along  the  measured  curve,  and  in  both  cases  the  correlation  with  the 
measured  curve  is  high.  A  high  degree  of  correlation  between  the  three 
sets  of  data  was  normally  observed,  indicating  that  the  calculated  data 
may  be  accepted  with  confidence.  In  Fig.  26(b),  however,  the  correlation 
between  the  two  sets  of  calculated  data  is  better  than  the  correlation 
between  the  measured  data  and  either  of  the  calculations.  When  this  re~ 
suit  was  obtained,  the  flight-test  record  was  re-examined,  and  it  was 
found  that  the  charging-rate  record  in  this  region  was  noisy.  Thus,  in 
Fig.  26(b)  the  calculated  charging- rate  data  are  probably  a  more  accurate 
representation  of  the  actual  charging  than  are  the  measured  data. 

Also  listed  on  the  figures  are  the  intercepting  areas  calculated 
using  the  two  methods.  In  general,  the  areas  calculated  using  the  two 
methods  were  never  in  perfect  agreement.  There  was,  however,  no  system¬ 
atic  difference  between  the  calculated  areas,  and  neither  method  consist¬ 
ently  gave  the  larger  area.  The  important  result  of  these  calculations 
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COMPARISON  OF  CHARGING  DATA 
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FIG.  26(b) 

COMPARISON  OF  CHARGING  DATA 

is  that  both  methods  agree  in  indicating  that  the  effective  intercepting 
area  of  the  aircraft  used  in  the  tests  (Boeing  367-80,  prototype  of  the 
707  and  KC-135)  was  always  only  a  small  fraction  of  its  projected  frontal 
area  of  roughly  400  sq  ft.  (The  largest  intercepting  area  calculated  was 
160  sq  ft  during  a  climb-out  through  frontal  snow. ) 

C.  PRECIPITATION-CHARGING  CURRENTS 

It  will  be  worthwhile  at  this  time  to  recapitulate  the  results  of 
the  aircraft  charging  studies  presented  in  the  two  preceding  sections  and 
to  consider  some  of  their  practical  implications. 

The  intrinsic  precipitation  charging  rate  is  given  by 

p  =  q^cv  (24) 
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where 


p  =  current  per  unit  intercepting  area 
=  charge  per  particle 
c  -  particle  concentration  in  the  cloud 

V  =  aircraft  velocity. 

Aa  was  indicated  in  Sec.  IV-A,  and  c  vary  considerably,  depending  upon 
cloud  conditions,  but,  since  they  are  both  independent  of  speed,  they  are 
both  constant  in  a  homogeneous  cloud.  Thus,  the  intrinsic  charging  ratep 
varies  linearly  with  aircraft  speed. 

Typical  peak  charging  rate.s  en¬ 
countered  during  the  flight  test.s  con¬ 
ducted  using  the  KC-13S  prototype 
aircraft  are  listed  in  Table  J 
These  rates  should  be  typical  for 
subsonic  jet  aircraft  operating  at 
normal  cruising  speeds . 

Total  aircraft  charging  current  is 
given  by 

i  =  pA  (25) 

where,  as  was  indicated  earlier,  at  normal  KC-135  speeds,  the  effective 
intercepting  area  A^  is  not  constant,  but  increases  with  increasing  airplane 
speed.  Thus  at  these  speeds  the  impression  for  total  charging  current  may 
be  written 


TABLE  I 

PEAK  CHARGING  RATES  ENCOUNTERED 
WITH  KC-135  PROTOTYPE 


CLOUD  TYPE 

PEAK  CHARGING  RATE  p 

(/laap/sq  ft  ) 

Cirrus 

5  to  10 

Strato  Cumulus 

10  to  20 

Frontal  Snow 

30 

i  =  q  cvA  Iv) 

’p  o' 


(26) 


and  it  is  apparent  that  i  varies  more  rapidly  than  the  first  power  of  v. 

As  the  speed  is  increased,  however,  A^  approaches  as  a  limit  the  pro¬ 
jected  frontal  area  of  the  aircraft,  A^^^y  Above  this  speed,  therefore, 
the  expression  for  the  total  charging  current  becomes 


1 


cvA 

p 


pr  o  j 


(27) 


which,  since  '^proj  ®  constant,  indicates  that  the  total  current  varies 
linearly  with  speed.  Thus,  although  the  charging  currents  of  supersonic 
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aircraft  may  be  high,  the  fact  that  the  current  varies  only  as  the  first 
power  of  the  speed  indicates  that  the  problem  of  providing  adequate  dis¬ 
charging  capacity  should  not  be  prohibitively  difficult. 

Although  the  flights  conducted  using  the  KC-135  prototype  were  not 
typical  of  normal  aircraft  operation  in  that  an  effort  was  made  to  spend 
as  much  time  as  possible  in  clouds,  some  of  the  observations  regarding 
charging  rates  during  these  flights  nevertheless  are  of  interest.  The 
peak  charging  rate  much  of  the  time  was  of  the  order  of  10  /x/ft^,  while 
the  intercepting  area  was  roughly  50  ft^.  Thus,  the  charging  current  to 
the  aircraft  was  generally  of  the  order  of  500  /xa.  During  climb-outs 
through  snow  the  charging  rate  reached  values  as  high  as  30  /xa/ft^,  while 
the  maximum  calculated  area  reached  150  ft^.  Assuming  that  the  aircraft 
intercepting  area  can  become  as  high  as  200  ft^,  and  that  at  the  same  time 
the  charging  rate  is  30  /xa/ft^  the  total  charging  rate  can  reach  values 
as  high  as  6  ma  This  latter  value  of  charging  current,  however,  is 
extreme  and  is  not  likely  to  be  encountered. 

In  an  effort  to  obtain  statistical  data  regarding  precipitation 
charging  conditions,  recordings  were  made  (during  600  hours  of  normal 
operation)  of  the  current  leaving  a  wing-tip  discharger  on  a  Boeing  707 
aircraft  operated  by  O/JVTAS  Empire  Airways. 

From  these  recorded  data  it  was  possible  to  calculate  the  total 
charging  current.  These  data  were  used  to  prepare  Fig.  27,  which  shows 
the  probability  of  encountering  charging  exceeding  a  given  magnitude. 

In  using  these  data  it  should  be  recalled  that  they  were  obtained  on  long- 
hop  flights  which  generally  operate  at  high  altitude  above  much  of  the 
precipitation.  On  shorter  flights  at  lower  altitudes  the  probabilities 
may  be  expected  to  be  considerably  higher. 

In  applying  the  above  precipitation  charging  data  to  estimate  charging 
currents  on  other  aircraft  types,  it  will  be  necessary  to  correct  for  dif¬ 
ferences  in  speed  and  size.  As  was  indicated  earlier,  p  may  be  taken  to 
vary  linearly  with  speed.  NACA  water  droplet  impingement  data  such  as  that 
shown  in  Fig.  19  may  be  used  to  estimate  the  amount  of  variation  of  inter¬ 
cepting  area  with  speed.  Similarly,  data  of  the  type  shown  in  Fig.  19  may 
be  used  to  estimate  the  effect  upon  intercepting  area  of  changing  aircraft 
size.  It  is  interesting  to  note  that  as  aircraft  size  is  reduced 
becomes  smaller,  but  for  a  smaller  aircraft,  is  a  greater  fraction  of 
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CHAROINO  CURRENT - micreomptrti 


FIG.  Zl 

PROBABILITY  THAT  AN  AIRCRAR  WILL  ENCOUNTER  CHARGING 
EXCEEDING  A  GIVEN  MAGNITUDE 

Aproj  Thus  the  charging  currents  to  smaller  aircraft  will  be  greater 
than  might  be  expected  on  the  basis  of  their  frontal  areas. 

If  the  aircraft  in  question  operates  at  higher  altitudes  than  a 
KC-135  or  707,  the  probabilities  of  encountering  charging  given  in  Fig 
should  be  reduced.  Conversely,  if  the  aircraft  in  question  is  piston 
driven  and  operates  at  lower  altitudes,  these  probabilities  should  be 
increased . 


D.  ENGINE -CHARGING  CURRENTS 


In  jet  aircraft  it  is  often  found  that  radio  interference  exists  at 
low  altitudes  even  in  clear  air.  The  intensity  of  this  interference  is 
a  function  of  the  engine  power  settings,  increasing  with  increasing  power. 
Similar  effects  have  been  reported  for  turbo-prop  aircraft,  but  are  not 
well  documented.  Since  the  noise  is  often  particularly  severe  following 
a  change  in  power  setting,  it  can  be  extremely  objectionable  during  the 
maneuvering  associated  with  landing,  when  good  communication  is  important 
Although  this  noise  should  not  strictly  be  classified  as  precipitation 
static,  the  mechanism  by  which  it  is  generated  and  coupled,  and  the  means 
by  which  it  can  be  eliminated,  are  identical  with  those  for  corona-generated 
precipitation  static.  For  this  reason,  it  is  convenient  to  consider  it  in 
the  same  classification. 

In  considering  the  problem  of  the  noise  connected  with  jet  engines, 
it  was  apparent  that  there  are  no  processes  occurring  in  the  flame  or 
exhaust  which  could  constitute  a  source  of  the  interference  that  was  ob¬ 
served.  It  was  postulated  therefore  (later  confirmed)  that  the  engines 
merely  charge  the  aircraft  and  that  the  noise  is  generated  by  corona  dis¬ 
charges  occurring  at  the  extremities.  Hence  this  type  of  interference 
may  be  eliminated  in  two  ways;  by  preventing  the  charging  or  by  discharging 
the  current  noiselessly.  Since  some  means  for  noiselessly  discharging  the 
aircraft  was  needed  in  any  event  to  handle  the  current  generated  by  pre¬ 
cipitation,  the  same  discharging  scheme  would  serve  to  discharge  the  current 
generated  by  the  engines  For  this  reason,  no  particular  effort  was  made 
to  study  engine  charging  in  detail  to  determine  if  the  charging  could  be 
prevented  Instead,  a  plausible  charging  mechanism  was  postulated,  and 
measurements  were  conducted  to  measure  engine-charging  current  magnitudes 
to  make  certain  that  they  were  lower  than  the  currents  resulting  from 
precipitation  charging. 

It  was  hypothesized  that  engine  charging  occurs  because  the  electrons 
produced  in  the  combustion  chamber  are  much  more  mobile  than  the  positive 
ions.  Thus  the  electrons  tend  to  diffuse  to  the  chamber  walls  with  the 
result  that  the  exhaust  stream  is  positively  charged.  As  the  charge  is 
carried  away  in  the  exhaust,  the  aircraft  potential  will  continue  to  rise 
until  equilibrium  is  established  by  one  of  the  following  mechanisms: 
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(1)  The  aircraft  potential  rises  until  it  exceeds  the 
corona  threshold  and,  finally,  the  corona  discharge 
current  equals  the  engine  charging  current. 

(2)  The  aircraft  potential  rises  until  tne  field  in¬ 
tensity  in  the  vicinity  of  the  jet  exhaust  is  suf¬ 
ficiently  high  to  overcome  the  wind  and  cause  the 
excess  positive  ions  in  the  exhaust  stream  to  return 
to  the  aircraft. 

(3)  Some  of  the  excess  positive  ions  return  to  the  air¬ 
craft,  and  the  rest  of  the  current  is  discharged  by 
negative-point  corona  discharges. 

Which  equilibrium  situation  is  established  depends  upon  the  fields 
existing  in  the  tail-pipe  region.  For  example,  by  attaching  rods  to  the 
tail  pipe  in  such  a  manner  that  they  protrude  into  the  exhaust  stream  it 
is  often  possible  to  create  a  sufficiently  large  region  of  high  field  in 
the  exhaust  that  all  of  the  excess  positive  ions  are  extracted  at  poten¬ 
tials  below  corona  threshold.  Since  the  electric  field  produced  around  a 
rod  by  the  charge  on  the  aircraft  is  sufficient  to  extract  enough  positive 
ions  from  the  exhaust  to  overcome  engine  charging,  it  was  felt  that  it 
might  be  possible,  by  biasing  the  rod  negatively  with  respect  to  the  air¬ 
craft,  to  extract  even  more  positive  ions,  and  perhaps  use  the  biased  rod 
as  a  noiseless  discharger  under  precipitation  charging  conditions.  Even 
more  attractive  was  the  possibility  of  using  a  positively-biased  rod  in 
the  exhaust  stream  to  artificially  charge  the  aircraft  to  permit  precipita¬ 
tion  static  experiments  to  be  conducted  even  in  clear  air.  If  the  negative 
particles  in  the  exhaust  existed  as  free  electrons,  which  are  much  more 
mobile  than  ions,  they  could  be  extracted  relatively  easily,  and  it  might 
be  possible  to  obtain  substantial  charging  currents  in  this  manner. 

Tests  were  conducted  using  a  jet  engine  mounted  in  a  ground  test  stand 
at  Boeing  Airplane  Company  in  Seattle.  In  these  tests  a  24-inch-long  steel 
rod  connected  to  a  variable  high-voltage  supply  was  placed  along  the  engine 
axis  immediately  aft  of  the  engine  exhaust  cone.  It  was  found  that  with 
maximum  throttle  setting  on  the  engine  and  with  10  kv  applied  to  the  rod, 
the  current  was  roughly  seven  microamperes,  regardless  of  the  polarity  of 
the  applied  voltage.  Because  of  the  very  small  conductance  observed,  and 
also  because  the  current  magnitudes  were  found  to  be  independent  of  polarity, 
it  was  concluded  that  there  are  not  appreciable  numbers  of  negative  ions  in 
the  exhaust  having  mobilities  greatly  higher  than  the  positive  ions.  From 
this  it  was  concluded  that  very  few,  if  any,  free  electrons  are  present  in 
the  exhaust  at  the  time  of  exit. 
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To  further  demonstrate  that  the  current  was  being  limited  by  the 
difficulty  of  removing  the  heavy  ions  from  the  exhaust  stream,  and  not 
by  the  lack  of  ions,  the  length  of  the  steel  probe  was  increased  to 
48  inches,  approximately  doubling  the  surface  area  of  the  probe.  With 
the  double-length  probe  and  an  applied  voltage  of  10  kv,  the  current  in¬ 
creased  to  13  microamperes.  These  results  indicated  clearly  that  the 
conductivity  of  the  exhaust  gases  is  too  low  to  permit  their  use  either 
to  charge  the  aircraft  for  experimental  purposes  or  to  discharge  it  in 
the  presence  of  precipitation  charging.  To  accomplish  either  function 
would  require  either  prohibitively  high  voltage  or  a  very  large  total 
electrode  area  immersed  in  the  exhaust.  For  this  reason,  no  further  ef¬ 
fort  was  made  to  test  this  method  of  aircraft  charging. 

Flight-test  measurements  of  engine  charging  were  made  on  several 
different  aircraft  types  using  several  different  current-measuring  tech¬ 
niques  .  These  included: 

(1)  Measuring  the  biased  discharger  current  necessary 
to  maintain  aircraft  at  zero  potential 

(2)  Artificially  charging  the  aircraft  to  a  positive 
potential,  turning  off  the  charger,  and  determining 
the  engine-charging  current  from  the  aircraft  ca¬ 
pacitance  and  the  rate  of  change  of  potential  when 
the  potential  goes  through  zero  under  the  action  of 
the  engines 

(3)  Measuring  the  current  from  a  discharger  mounted 
at  some  standard  location  such  as  a  wing  tip. 

Good  agreement  was  obtained  between  the  current  values  measured  using 
the  various  techniques  on  the  Boeing  367-80  aircraft,  which  was  equipped 
to  permit  all  three  types  of  engine-charging  current  measurements  to  be 
made.  The  maximum  values  of  engine-charging  current  obtained  on  the  vari¬ 
ous  aircraft  investigated  are  listed  in  Table  II. 

It  is  evident  from  the  table  that  the  engine  -  charging  currents  are 
all  lower  than  the  currents  generated  by  precipitation  charging.  Therefore, 
a  discharging  scheme  which  is  satisfactory  for  precipitation  charging  will 
certainly  be  capable  of  handling  engine-charging  currents. 
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TABLE  II 

MAXIMUM  MEASURED  ENGINE -CHARGING  CURRENTS 


AIRCRAFT 

ENGINE  TYPE 

CONDITION 

OF 

OPERATION 

MEASUREMENT 

TECHNIQUE 

MAXIMUM 
ENGINE¬ 
CHARGING 
(Microaaparea ) 

Boeing  367-80 
KC-13S  Proto¬ 
type 

Pratt  & 
Whitney 

JT3C-1 

Dry 

.1,2,3 

50 

Boeing  707-138 

Pratt  & 
Whitney 

JT3C-i 

Water 

injection 

3 

800 

Boeing  707-138 

Pratt  & 
Whitney 

JT3C-4 

Dry 

3 

175 

Convair  880 

General 

Electric 

CJ-805-3 

Dry 

3 

75 

Douglas  DC-8 

Pratt  & 
Whitney 

JT3C-6 

Water 

injection 

3 

300-400 

Douglas  DC-8 

Pratt  & 
Whitney 

JT3C-6 

Dry 

3 

100 

V  DISTRIBUTION  OF  DISCHARGES 


A.  GENERAL 

A  knowledge  of  the  manner  in  which  corona  discharges  distribute 
themselves  on  an  aircraft  is  of  interest  in  the  study  of  corona-noise 
character  and  in  the  design  of  dischargers.  It  is  evident  from  Fig.  6 
that  the  coupling  between  a  discharge  and  a  particular  antenna  depends 
upon  the  location  of  the  discharge.  Both  the  spectral  character  and  the 
magnitude  of  the  noise  induced  in  the  antenna,  therefore,  will  be  deter¬ 
mined  by  the  corona  source  locations.  Since  dischargers  should  be  located 
where  corona  normally  tends  to  occur,  many  of  the  requirements  on  the 
design  and  location  of  dischargers  are  dictated  by  discharge  distribution. 

In  attempting  to  eliminate  corona  noise  on  an  aircraft  it  is  important 
to  have  a  technique  for  finding  on  the  aircraft,  regions  with  the  lowest 
threshold  potential  and  to  be  able  to  estimate  the  magnitude  of  this 
potential.  This  is  necessary  since  the  discharger  system  must  be  so 
designed  that  except  for  rare  conditions  of  extremely  high  charging,  corona 
cannot  occur  from  these  parts  of  the  aircraft. 

The  problem  of  predicting  discharge  currents  is  complicated  by  the 
space  charge  left  behind  by  the  discharges.  This  space  charge  modifies 
the  dc  fields  near  each  discharge  point  and  influences  the  amount  of  current 
it  can  discharge.  On  flights  through  precipitation  the  problem  is  further 
complicated  by  the  column  of  charged  precipitation  left  behind  by  the 
aircraft. 

B.  ESTIMATING  THRESHOLDS 

1.  Possible  Metboos 

A  problem  which  often  arises  in  the  study -of  precipitation  static  is 
that  of  estimating  the  corona  threshold  potentials  of  various  parts  of  an 
aircraft.  The  desired  data  may,  of  course,  be  obtained  by  properly  instru¬ 
menting  the  aircraft  in  question  and  measuring  the  desired  thresholds  in 
flight  through  precipitation.  This  procedure,  however,  is  time-consuming 
and  costly.  Another  method  which  has  been  used  is  to  isolate  the  full- 
scale  aircraft  from  ground,  connect  it  to  a  high-voltage  supply,  and 
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measure  the  potential  at  which  corona  occurs  from  various  interesting  parts. 
Since  a  full-scale  aircraft  is  used,  practical  problems  prevent  its  being 
removed  appreciably  from  the  ground.  The  dc  fields  about  the  aircraft, 
therefore,  will  be  altered  by  the  proximity  of  the  ground,  and  will  not 
duplicate  those  existing  about  the  aircraft  during  flight.  Since  the 
measurements  are  made  in  still  air,  the  threshold  data  do  not  include  the 
effects  of  localized  pressure  reductions  associated  with  vortex  formation 
on  such  places  as  wing  tips  and  propeller  tips  in  producing  localized 
threshold  reductions  in  th«.je  regions.  This  method  too  is  expensive  since 
the  aircraft  must  be  removed  from  normal  use,  since  a  heavy  installation 
is  required  to  isolate  the  aircraft,  and  since  the  aircraft  and  its  fuel 
system  must  be  purged  and  "pickled"  to  prevent  the  possibility  of 
explosion. 

By  making  extensive  use  of  models  and  mock-ups,  and  employing  the 
field-measuring  techniques  described  in  Appendix  C,  it  is  possible  to 
estimate  corona  thresholds  with  reasonable  accuracy  using  only  inexpensive 
laboratory  equipment.  Since  the  model  used  for  the  measurements  may  be 
suspended  many  model  distances  from  the  ground,  the  dc  fields  approximate 
very  closely  those  existing  about  an  aircraft  in  flight.  Because  all 
measurements  are  made  in  still  air,  the  threshold  data  obtained  using  this 
method  do  not  include  the  effects  of  localized  pressure  reductions  that 
may  occur  in  flight. 


2.  Thresbolps  or  Ainroit  Trailing  Edges 


Let  us  consider  the  problem  of  determining  the  threshold  potential 
of  the  trailing  edge  of  the  wing  near  the  outboard  tip.  Using  the  full- 
scale  wing  mock-up  and  electrode  geometry  of  Figs.  8  and  9,  the  applied 
voltage  was  increased  until  at  potentials  ranging  from  60  to  75  kv,  corona 
occurred.  Since  the  field  structure  about  the  mock-up  is  known,  it  is 
possible  to  calculate,  from  the  measured  electrode  voltage,  the  field 
intensities  existing  at  various  points  on  the  surface  of  the  full-scale 
wing  model  when  corona  occurs  from  the  trailing  edge.  The  expression  for 
the  surface  field  is 
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where 


d  B  distance  between  trailing  edge  and  alumin'ini 
sheet  (d  ■  13.5  inch  in  Fig.  8) 

X  ■  perpendicular  distance  to  trailing  edge  from 
reference  point  on  surface  of  wing. 

(This  expression  for  the  field  was  verified  for  the  geometry  of  Figs.  8 
and  9  using  the  field-measuring  technique  described  in  Appendix  C. )  Let 
us  assume  that  we  are  interested  in  the  field  existing  at  a  reference 
point  43.75  inches  in  from  the  trailing  edge  on  the  full-scale  wing.  Sub¬ 
stituting  this  distance,  and  the  corona  threshold  potentials  measured  with 
the  mock-up,  into  Eq.  (28)  the  field  existing  at  the  reference  point  is 
found  to  be  48.6  ^  10*  to  60.7  ^  10*  volts/meter. 

Using  the  field-measuring  technique  described  in  Appendix  C,  the 
field  existing  at  the  refei.;nce  point  on  the  wing  may  be  related  to  the 
aircraft  potential.  This  was  done  for  the  KC-135  by  suspending  a  scale 
model  of  the  aircraft  in  the  laboratory  as  is  shown  in  Fig.  23.  The  air¬ 
craft  was  charged  to  a  known  potential,  and  the  field  intensity  at  the 
scaled  reference  point  (^/6  inch  in  from  the  trailing  edge  on  the  model) 
was  measured.  It  was  found  that  on  the  model  a  field  intensity  of  1  volt 
per  meter  was  produced  at  the  reference  point  when  the  model  potential  was 
0.082  volts.  Thus,  on  the  full-scale  aircraft,  the  potential  necessary  to 
produce  a  field  intensity  of  1  volt  per  meter  at  the  reference  point  is 
50(0.082)  B  4.12  volts.  Threshold  potential  for  corona  from  the  trailing 
edge  at  sea  level,  therefore,  lies  within  the  range  4.12  (48.6  ^  10*)  * 

200  ^  10*  to  4.12  (60.7  ^  10*)  b  250  ^  10*  volts  at  sea-level  altitude. 
Similar  measurements  conducted  for  the  DC-8  which  has  thicker  trailing 
edges  indicate  that  the  threshold  should  be  roughly  1.6  times  that  of  the 
KC-135,  so  that  it  should  lie  in  the  range  from  320  to  400  kv. 

During  the  KC-135  prototype  flight  tests  reported  in  Refs.  10,  11, 
and  18,  the  corona  threshold  of  the  wings  was  estimated  by  noting  the 
aircraft  potential  at  which  noise  onset  in  the  receiving  systems  occurred. 
The  average  of  the  values  obtained  in  this  manner  for  sea-level  threshold 
was  212  kv,  which  is  near  the  lower  limit  of  the  threshold  estimates  made 
in  the  laboratory.  Actually  one  would  expect  the  true  corona  threshold 
for  the  wing  to  be  lower  than  that  estimated  in  the  laboratory  since,  on 
the  aircraft,  corona  will  first  occur  from  the  wing  tip  which  has  a  lower 
threshold  potential  than  the  trailing  edge.  Since  a  reasonable  amount  of 
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current  uad  to  be  diacharged  before  noise  could  be  detected,  hos'cve’',  thn 
noise  threshold  corresponds  very  nearly  to  the  corona  threshold  of  the 
trailing  edge. 

3.  Tiresiolos  or  VHF  Amternas  on  DC-8  Aircraft 

Another  interesting  application  of  laboratory  techniques  for  corona- 
threshold  determination  is  illustrated  by  a  problem  which  arose  in 
connection  with  the  Douglas  DC-6  aircraft.  Soon  after  this  aircraft  was 
placed  in  service  the  operators  found  that  interference  was  often  observed 
in  the  VHF  receiving  systems  when  the  aircraft  was  operated  in  precipi¬ 
tation.  Since  the  corona-noise  spectral  density  is  very  low  at  VHF  fre¬ 
quencies,  this  noise  should  be  observed  only  if  corona  discharges  occur 
from  some  region  of  very  high  coupling  such  as  the  VHF  antenna  itself. 
Laboratory  measurements  illustrated  in  Fig.  28,  therefore,  were  made  to 
determine  if  one  could  reasonably  expect  corona  discharges  from  the 
VHF  antennas. 

As  is  indicated  in  Fig.  28(b),  a  model  of  the  aircraft  was  charged 
to  a  known  potential,  and  measurements  were  made  of  the  field  intensity 
on  the  surface  of  the  aircraft  at  the  positions  of  the  VHF  blade  antennas. 
Since  the  radius  of  the  fuselage  is  large  in  comparison  with  the  dimensions 
of  the  antenna,  the  fields  in  the  region  surrounding  an  antenna  on  the 
fuselage  may  be  simulated  with  a  high  degree  of  accuracy  by  the  uniform 
field  existing  between  a  pair  of  parallel  plates,  as  shown  in  Fig.  28(b). 

In  principle  it  would  be  possible  to  increase  the  potential  applied  to 
the  parallel  plates  until  corona  occurred  from  the  antenna  mounted  on  one 
of  the  plates,  thereby  determining  the  field  intensity  which  must  exist 
at  the  aircraft  skin  in  order  that  discharges  occur  from  the  antenna. 

This  field  intensity  together  with  the  results  of  the  model  measurements 
would  specify  the  aircraft  potential  corresponding  to  the  corona  threshold 
of  the  VHF  antenna.  Actually,  it  was  not  possible  to  apply  sufficie^it 
voltage  to  the  parallel  plates  to  produce  corona,  and  the  measurement  had 
to  be  made  in  two  steps. 

A  known  field  was  established  between  the  parallel  plates,  and  the 
field  intensity  at  a  reference  point  on  the  metal  leading  edge  of  the 
blade  antenna  was  measured.  The  antenna  was  then  immersed  in  the  structure 
of  Fig.  28(c)  (see  also  Fig.  9),  which  is  sufficiently  small  that  corona 
could  be  induced  from  the  antenna  with  reasonable  values  of  applied 
voltage.  With  a  known  voltage  applied  to  the  structure,  a  measurement 
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was  made  of  the  field  at  the  reference  point  on  the  antenna.  This  measure¬ 
ment  permits  the  applied  voltage  in  the  structure  to  be  related  to  the 
full-scale  aircraft  potential  necessary  to  produce  the  same  field  intensity 
at  the  reference  point. 

The  results  of  these  measurements  indicate  that,  at  an  altitude  of 
20 , 000  feet ,  in  the  absence  of  externally  applied  fields,  corona  should 
occur  at  an  aircraft  potential  of  750  kv  from  VHP  antenna  No.  2,  and  at  a 
potential  of  980  kv  from  antenna  No.  3.  In  flight,  localized  pressure 


(b)  BLADE  ANTENNA  IN  UNIFORM  FIELD 


REFERENCE 

POINT 


(c)  GEOMETRY  FOR  PRODUCING  BREAKDOWN 


FIG.  28 

ESTIMATING  CORONA  THRESHOLD  OF  VHF  BLADE  ANTENNA  ON  DC-8  AIRCRAFT 
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reductions  aft  of  the  metal  strip  on  the  leading  edge  of  the  antenna  might 
reduce  the  thresholds  below  these  values.  hrom  the  results  of  the  KC-135 
prototype  flight  tests  and  laboratory  measurements  on  a  mock-up  of  a  DC-8 
wing  it  is  estimated  that  the  potential  of  the  DC-8  at  20,000  ft  altitude 
is  roughly  310  kv  when  the  charging  rate  is  1  ma.  Thus,  even  if  the 
antenna  thresholds  in  flight  are  one-half  the  values  estimated  above, 
using  still-air  measurements  in  the  laboratory,  one  should  not  expect  dis¬ 
charges  from  the  VHF  blade  antennas  under  low-charging  conditions.  It 
appears,  however,  that  if  the  aircraft  is  in  a  region  where  the  charging 
is  high  or  if  it  is  in  a  region  of  charging  where  an  externally  applied 
field  exists  and  augments  the  fields  produced  by  charge  on  the  aircraft, 
discharges  can  be  expected  to  occur  from  the  blade  antennas. 

The  conclusions  drawn  from  the  laboratory  tests  were  verified  in  a 
flight  test  conducted  by  Delta  Air  Lines  using  their  DC-8  No.  801.  Pro¬ 
visions  were  made  on  the  test  aircraft  to  isolate  the  No.  3  VHF  blade 
antenna  from  ground,  permitting  the  corona  current  discharged  from  it  to 
be  read  on  a  microammeter  monitored  by  an  observer  in  the  cockpit  area. 
During  the  cruise  portion  of  a  flight  from  Atlanta,  Georgia,  to  Fort  Worth, 
Texas,  the  aircraft  was  at  27,000  feet  and  flew  through  the  tops  of  three 
thunderstorms.  Each  period  in  precipitation  lasted  roughly  ten  minutes. 
During  each  of  these  periods,  intermittent  discharge  currents  lasting  from 
ten  to  thirty  seconds  and  ranging  from  5/i.a  to  iOfia  were  read  on  the 
instrumented  antenna.  Occasional  surges  to  250  /xa  were  noted.  There  were 
periods  when  no  current  was  discharged  from  the  instrumented  antenna  but 
noise  was  observed  in  the  No.  2  VHF  receiver. 

The  fact  that  discharge  current  was  not  measured  throughout  each 
ten -minute  interval  indicates  that  discharges  occurred  from  the  instru¬ 
mented  antenna  only  during  periods  of  high  charging  or  when  external  fields 
were  of  sufficient  magnitude  to  provide  the  necessary  field  augmentation. 
Noise  observed  in  the  No.  2  VHF  receiver  when  there  was  no  current  leaving 
No.  3  VHF  antenna  tends  to  verify  the  laboratory  results,  indicating  that 
the  corona  threshold  potential  of  No.  3  VHF  antenna  is  higher  than  that 
of  No.  2  VHF  antenna. 

4.  Radome  Liohtning-Diverter-Str ip  Thhesholds 

After  commercial  jet  transports  had  been  in  service  for  roughly  a 
year,  the  operators  began  to  experience  with  increasing  frequency  a  new 
noise  which  affected  all  receiving  systems  including  VHF  and  VOR.  The 
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noise  occurred  in  conditions  of  low  charging  and  even  in  clear  air  as  the 
result  of  engine  charging.  The  low  corona  threshold  of  the  noise  source 
indicated  that  the  noise  was  not  being  generated  by  discharges  from  the 
VHP  antennas.  Since  the  noise  was  experienced  on  a  QUANTAS  707  equipped 
with  ortho-decoupled  dischargers  (these  dischargers  are  discussed  in 
Sec.  VIII-B)  it  was  not  being  generated  by  discharges  from  the  airfoils. 

The  source  of  the  noise  was  finally  pinpointed  during  a  United  Air  Lines 
DC-8  flight  in  which  it  was  observed  that  the  intensity  of  the  noise  was 
a  function  of  the  position  of  the  weather  radar  dish.  Upon  landing  it  was 
found  that  the  lightning  diverter  strips  (thin  strips  of  aluminum  foil 
extending  out  from  the  fuselage  on  the  surf  ce  of  the  radome)  on  the  nose 
radome  had  become  detached  from  the  radome  surface,  that  many  of  the  con¬ 
ductors  were  broken  into  several  segments  separated  by  gaps,  and  that  sharp 
edges  of  the  metal  foil  were  protruding  through  the  paint.  The  diverter 
strips  were  removed  from  the  radome,  and  upon  resuming  flight,  it  was  found 
that  the  noise  had  been  eliminated. 

An  explanation  for  this  noise  can  be  offered  by  noting  that  if  the 
diverter  strip  is  broken  into  segments  or  if  it  is  isolated  from  the 
fuselage  at  the  base  of  the  radome,  current  flowing  into  the  strip  will  be 
returned  to  the  airframe  by  sparking  from  segment  to  segment.  Sparks  are 
extremely  energetic  noise  sources,  and,  unlike  corona  discharges,  may 
generate  appreciable  energy  at  VHP.  Por  example,  the  spectrum  of  the  signal 
generated  by  the  spark  probe  illustrated  in  Pigs.  4  and  5  was  virtually 
flat  to  frequencies  of  100  Me.  Purthermore,  the  coupling  to  a  discharge 
occurring  in  a  gap  between  the  segments  of  conductor  is  high.  The  coupling 
should  be  particularly  high  at  VHP  since  at  these  frequencies  the  strips 
are  a  large  fraction  of  a  wavelength  long.  Thus,  particularly  at  VHP,  a 
defective  diverter  system  can  degenerate  into  an  efficient  antenna  system 
driven  by  a  spark  noise  source. 

It  is  of  interest  to  consider  methods  by  which  discharges  from  the 
diverter  strips  can  be  produced.  In  precipitation  charging  it  is  inevitable 
that  discharges  occur  from  isolated  diverter  strips.  In  this  case  the 
strip  and  the  surrounding  region  of  radome  will  be  charged  negatively  by 
the  impinging  precipitation.  Since  a  potential  difference  can  exist  between 
the  isolated  strip  and  the  aircraft,  the  charge  on  the  strip  will  increase 
until  it  is  relieved  either  by  a  spark  discharge  to  the  aircraft  or  by  a 
corona  discharge  into  space  occurring  at  the  forward  end  of  the  strip. 
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When  reports  were  received  that  VHF  noise  was  being  experienced  under 
engine-charging  conditions  it  appeared  that  the  lightning  diverters  were 
not  only  handling  the  radome-charging  current,  but  that  their  corona 
threshold  might  be  sufficiently  low  that  they  were  acting  as  dischargers 
for  the  main  body  of  the  aircraft  as  well.  For  this  reason  laboratory 
measurements  were  made  to  estimate  the  corona  threshold  of  a  diverter  strip 
the  forward  end  of  which  has  become  detached  from  the  radome  and  is  pro¬ 
truding  into  the  airstream.  Two  extreme  possibilities  were  considered: 

(1)  The  radome  is  a  good  insulator  and  does  not  influence 
the  electric  fields  so  that  the  fields  about  the 
diverter  strip  are  the  same  as  they  would  be  if  the 
radome  did  not  exist — i.e.,  if  the  strips  were  self- 
supporting  pieces  of  conductor  protruding  forward 
from  the  aircraft  fuselage. 

(2)  The  radome  in  the  vicinity  of  the  forward  end  of  the 
strip  is  a  sufficiently  good  conductor  so  that  the 
protruding  end  of  the  strip  merely  modifies  locally 
the  dc-field  structure  determined  by  the  radome 
itself. 

The  laboratory  techniques  again  consisted  of  field  measurements  on  a 
V^O-scale model  followed  by  field  measurements  on  mock-ups  of  sections  of 
the  radome.  From  these  measurements  it  was  estimated  that  for  an  aircraft 
such  as  the  KC-135  or  DC-8  the  threshold  potential  of  a  strip  at  sea  level 
altitude  is: 

Possibility  (1) — Threshold  Potential  =  20  kv 

Possibility  (2) — Threshold  Potential  =  800  kv. 

In  practice  the  th:.i;shold  will  lie  somewhere  between  these  two  limits. 

If  the  radome  is  not  coated  with  conductive  paint,  the  threshold  potential 
should  be  nearer  that  indicated  by  Possibility  (1),  and  defective  dis¬ 
charger  strips  will  act  as  dischargers  for  the  aircraft  even  under  condi¬ 
tions  of  low  charging.'  Noise  should  be  heard  in  the  VHF  systems,  therefore, 
even  during  periods  when  the  engines  are  the  sole  charging  source.  If  the 
radome  is  coated  with  conductive  paint,  the  threshold  should  be  near  the 
value  indicated  by  Possibility  (2),  and  defective  diverter  strips  will  act 
as  dischargers  only  at  high  charging  r ates .  In  this  case,  noise  should 
occur  in  the  VHF  receiving  systems  only  under  conditions  of  high 
precipitation  charging. 
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C.  SPACE- CHARGE- LIMITED  DISCHARGES 


1.  Theoretical  Results 

As  was  indicated  earlier,  a  problem  which  often  arises  in  connection 
with  precipitation  static  studies  is  that  of  estimating  the  current  dis¬ 
charges  from  various  parts  of  an  aircraft.  It  is  essential  that  the 
estimating  procedure  take  into  account  the  effect  of  the  space  charge  in 
restricting  discharge  current  and  the  effect  of  the  wind  in  removing  the 
space  charge. 

In  Appendix  E  a  solution  is  obtained  for  the  current  discharged  from 
an  infinite  ion  source  placed  along  an  edge  of  a  charged  conducting  strip 
located  in  a  windstream,  as  is  indicated  in  Fig.  29(a).  This  model 
approximates  very  closely  the  conditions  existing  in  the  case  of  corona 
discharges  occurring  from  the  trailing  edge  of  an  airfoil  in  flight.  It 
should  be  noted  that  placing  an  infinite  ion  source  along  the  edge  of  the 


ALONG  THIS  EDGE 

(a)  MODEL  USED  FOR  ANALYSIS 


CHARGE  PER  UNIT  LENGTH 


MEASURE  NORMAL  FIELD 


(b)  TECHNIQUE  FOR  ESTIMATING  FIELD  AT  AFT  EDGE 
OF  DISCHARGE  STRIP 


FIG.  29 

ILLUSTRATION  OF  METHOD  FOR  DETERMINING  CURRENT  DISCHARGED 
FROM  EDGE  OF  STRIP  IN  WIND 
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strip  used  in  the  calculations  is  equivalent  to  assuming  that  the  threshold 
potential  of  the  trailing  edge  of  an  airfoil  is  zero.  Since  the  threshold 
potential  in  fact  is  not  zero,  the  numerical  values  obtained  for  the  dis¬ 
charge  current  using  the  theoretical  solution  must  be  corrected  to  take 
into  account  the  finite  threshold  potential. 

The  analysis  indicates  that  the  current  discharged  per  unit  length 
from  the  strip  is  given  by 

\  /.ns 

—  y^K  tan  ~  (29) 

where 

H  =  wind  velocity  -  meters/sec 
e j  -  dielectric  constant  -  farads/meter 
E  !-  electric  field  intensity  -  volts/meter 
K  =  ion  mobility  -  met.ers/sec  per  volt/meter. 

The  electric  field,  E,  as  is  illustrated  in  Fig.  29(a),  is  that  existing 
at  the  edge  of  the  strip  in  the  direction  normal  to  the  plane  of  the  strip 
when  the  discharge  is  in  process.  For  the  case  where  W/K  >>  E, 


. ,  EK  EK 

tan  *  -  -  — 

H'  W 

and  Eq.  (29)  may  be  reduced  to 

i  -  2We^E  (30) 

which  indicates  that,  at  high  speeds,  the  discliarge  current  varies  linearly 
with  both  wind  speed  and  electric  field.  To  calculate  the  current  dis¬ 
charged  from  the  strip,  using  either  of  the  equations,  it  is  necessary  to 
devise  a  method  for  determining  the  value  of  E. 

As  is  indicated  in  Appendix  E,  the  field,  E,  existing  at  the  edge  of 
the  discharging  strip  in  Fig.  29(a)  is  the  same  as  the  normal  field,  E^, 
existing  at  the  center  of  a  strip  of  twice  the  width  and  having  twice  as 
much  charge  per  unit  length  [shown  in  Fig.  29(b)].  Using  this  result 
together  with  Eq.  (29)  it  is  possible  to  estimate  discharge  currents  on 
the  basis  of  laboratory  measurements.  For  example,  the  width  .of  an  airfoil 
on  a  model  may  be  doubled  in  the  region  where  discharges  occur,  by  attaching 
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a  conducting  tab  at  the  aft  edge  as  illustrated  in  Fig.  30.  Then,  using 
the  charge-separation  techniques  described  in  Appendix  C,  the  field  at  the 
junction  may  be  measured  and  used  to  e.stimate  the  discharge  current  from 
the  airfoil. 

MEASURE  NORMAL  CONDUCTING  TAB  ATTACHED 

FIELD  AT  JUNCTION  TO  AFT  EDGE  OF  AIRFOIL 


FIG.  30 

CONDUCTING  TAB  USED  TO  SIMULATE  EFFECT  OF  SPACE  CHARGE 

A  similar  analysis  is  carried  through  in  Appendix  E  for  the  case 
illustrated  in  Fig.  31(a)  of  space-charge- limited  corona  discharge  from 
the  end  of  a  cylinder.  This  problem  is  of  interest  since  cylindrical 
structures  are  commonly  used  as  aircraft  static  dischargers.  It  is  demon¬ 
strated  that  the  discharge  current  from  the  end  of  a  cylinder  is  given  by 

i  =  WaE^2Tre^  (31) 

where 


a  =  radius  of  cylinder 
=  field  intensity 

and  where  E^  is  the  normal  field  existing  at  the  end  of  the  rod  when  the 
discharge  is  in  progress,  as  indicated  in  the  figure.  In  obtaining  the 
solution  it  was  assumed  that  an  infinite  source  of  ions  was  placed  at  the 
end  of  the  cylinder.  This  is  equivalent  to  assuming  that  the  threshold 
potential  of  the  cylinder  is  zero.  Since  all  practical  dischargers  have 
a  finite  threshold  potential,  the  values  obtained  using  Eq.  31  must  be 
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FIELD  measured  NORMAL  TO  SURFACE 


(0)  MODEL  USED  FOR  ANALYSIS 


MEASURE  NORMAL  FIELD  AT  JUNCTION 


(b)  TECHNIQUE  FOR  ESTIMATING  FIELD 
AT  AFT  END  OF  DISCHARGING  CYLINDER 


FIG.  31 

ILLUSTRATION  OF  METHOD  FOR  DETERMINING  CURRENT  DISCHARGED 
FROM  END  OF  CYLINDER  IN  WIND 
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from  the  trailing  edge  of  an  airfoil  section  were  studied  using  the 
7-by-lO-foot  wind  tunnel  at  Ames  Aeronautical  Laboratory,  Moffett  Field, 
California.  The  second  set  of  tests,  to  study  discharges  from  cylinders, 
was  conducted  in  the  4- inch -diameter  dust  tunnel  at  Stanford  Research 
Institute. 

A  photograph  of  the  test  set-up  used  for  the  airfoil  discharge  tests 
is  shown  in  Fig.  32.  The  airfoil  section  was  insulated  from  ground  and 
connected  to  a  O-to-lOO-kv  power  supply.  Provisions  were  made  to  record 
the  applied  voltage  and  the  current- discharged  from  the  airfoil. 


FIG.  32 

SET-UP  USED  FOR  WIND-TUNNEL  TESTS  OF  DISCHARGE 
FROM  AIRFOIL 

75 


Before  undertaking  the  wind-tunnel  tests,  however,  a  scal'd  mock-up 
of  the  wind  tunnel  and  airfoil  was  assembled  in  the  laboratory  uid  used 
to  make  a  set  of  electric-field  measurements  which  were  used  together  with 
Eq.  (29)  to  predict  the  currents  which  should  be  discharged  fron,  the 
airfoil  in  the  wind  tunnel.  With  a  known  voltage  applied  betwee  i  the 
airfoil  mock-up  and  the  walls  of  the  wind-tunnel  model  the  elect '’ic  -  fie  Id 
intensity  was  measured  at  the  junction  of  the  airfoil  and  a  conducting  tab 
(simulating  the  presence  of  space  charge)  attached  to  the  trailing  edge 
in  the  manner  illustrated  in  Fig.  "30.  The  results  of  th  j  measui  anient , 
properly  scaled , indicate  the  relationship  between  the  appliea  voltage  in 
the  tunnel  and  the  magnitude  of  the  electric  field  at  points  along  the 
trailing  edge  of  the  discharging  airfoil.  A  plot  of  the  field  intensity 
(per  volt  applied  to  the  airfoil  in  the  wind  tunnel)  along  the  18-j.nch 
interval  in  which  the  discharge  was  permitted  to  occur  is  shown  in  Fig.  33. 
It  is  apparent  that  there  was  considerable  variation  in  field  intensity 
along  the  discharging  region  of  the  airfoil.  For  this  re.ison  this  region 
was  divided  into  ten  equal  intervals  for  each  of  which  the  aver.^c»c  field 
was  determined  as  is  indicated  in  the  figure.  These  values  of  field 
intensity  were  substituted  into  Eq .  (29)  and  the  current  discharged  by  each 
1.8-inch-long  interval  was  determined.  The  total  current  discharged  from 
the  airfoil  was  found  by  summing  the  currents  from  the  ten  intervals.  The 


FIG.  33 

MEASURED  FIELDS  ALONG  DISCHARGING  REGION  OF  AIRFOIL  IN  TUNNEL 
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FIG.  34 

DISCHARGE  FROM  18-INCH  SECTION  OF  AIRFOIL  IN  WIND  TUNNEL 


results  of  this  calculation  are  shown  by  the  solid  curves  in  Fig.  34. 

(The  significance  of  the  broken  curves  will  be  discussed  later.) 

Since  the  process  of  calculating  the  discharge  currents  from  the  ten 
1 . 8- inch- long  intervals  along  the  trailing  edge  of  the  airfoil  is  tedious, 
a  simpler  technique  was  tried.  In  this  method,  the  average  value  of  £/K 
for  the  entire  18-inch  interval  along  the  airfoil  was  determined  from 
Fig.  33  and  substituted  into  Eq.  (29).  The  currents  calculated  in  this 
manner  were  imperceptibly  different  from  those  calculated  using  the  longer 
method.  Under  normal  circumstances,  therefore,  much  time  will  be  saved 
and  little  accuracy  lost  if  one  uses  the  average  value  of  E/V  over  the 
eyitire  discharging  interval  in  computing  discharge  current. 
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The  wind-tunnel  teats  were  planned  to  permit  the  investigation  of 
several  different  aspects  of  the  problem  of  corona  discharge  from  the  edge 
of  a  strip.  In  the  first  set  of  tests  the  objectives  were  to  verify  the 
theoretical  predictions  and  to  investigate  the  effect  upon  the  discharge 
current  of  varying  the  number  of  points  per  unit  length  along  the  edge  of 
the  strip  from  which  discharges  could  occur.  (This  latter  information  is 
of  interest  in  the  design  of  flush-mounted  dischargers.)  In  these  tests, 

0. 005- inch-diameter  wires  (not  visible  in  Fig.  32)  were  attached  at  regular 
intervals  along  the  outboard  18-inch  section  of  the  trailing  edge  of  the 
airfoil  in  such  a  manner  that  a  )4-inch  length  of  the  wire  protruded  past 
the  trailing  edge.  The  discharge  points  made  of  fine  wire  were  used  to 
reduce  the  corona  threshold  of  the  airfoil  to  the  lowest  possible  value 
in  order  that  it  approach  as  nearly  as  possible  the  condition  of  zero 
threshold  potential  assumed  in  deriving  Eqs.  (29)  and  (30).  Tests  were 
conducted  with  spacing  of  1,  2,  and  4  inches  between  adjacent  discharger 
wires.  The  results  of  the  tests  with  the  /4-inch  and  1-inch  spacings  are 
shown  in  Fig.  35.  It  is  evident  that  decreasing  the  spacing  between  dis¬ 
charger  wire  increased  the  discharge  current.  The  increase,  however,  was 
small.  Doubling  the  number  of  discharger  points  increased  the  current 
discharged  by  only  ten  percent. 

To  better  illustrate  the  manner  in  which  discharge  current  varies 
with  spacing  between  discharger  wires  ,  the  wind-tunnel  data  were  replotted 
in  the  form  illustrated  in  Fig.  36.  Here,  for  a  particular  windspeed  and 
various  applied  voltages,  the  discharge  current  is  plotted  as  a  function 
of  wire  spacing.  From  the  figure  it  is  evident  that  throughout  the  range 
of  spacings  used  in  the  tests,  very  little  is  gained  by  doubling  the 
number  of  discharging  points.  This  result  is  very  reasonable  if  one  con¬ 
siders  the  fact  that  the  current  from  a  particular  discharge  point  is 
limited  by  the  region  of  space  charge  aft  of  the  point.  Thus  if  one 
doubles  the  number  of  discharge  points,  the  number  of  corona  discharges 
will  be  doubled.  The  space  charge  generated  by  the  current  leaving  from 
the  new  points,  however,  will  reduce  the  field  intensity  at  the  locations 
of  the  old  points,  thereby  reducing  the  current  leaving  via  the  old  points. 
The  net  result  is  only  a  slight  increase  in  discharge  current. 

It  will  be  observed  that  the  curves  of  Fig.  36  are  extrapolated  to 
zero  wire  spacing.  This  was  done  for  each  windspeed,  and  the  zero-spacing 
data  used  to  plot  the  brokjen  curves  in  Fig.  34.  (It  will  be  recalled  that, 
in  obtaining  the  theoretical  discharge  current  data  in  Fig.  34,  it  was 
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DISCHARGE  CURRENTS  MEASURED  IN  WIND  TUNNEL 

assumed  that  the  discharge  was  continuous  along  the  trailing  edge.)  Upon 
comparing  the  two  sets  of  curves  in  Fig.  34  it  is  evident  that  .  in  general , 
they  agree  very  well  at  high  airfoil  potentials,  but  that  the  measured 
current  is  lower  than  the  predicted  current  at  the  lower  potentials.  This 
disagreement  stems  from  the  fact  that  the  theoretical  expression  for  dis¬ 
charge  current  is  based  upon  the  assumption  that  the  corona  threshold  is 
xero,  whereas  the  threshold  of  the  airfoil  with  the  0.005-inch-diameter 
wires  actually  is  roughly  8  kv. 

Another  set  of  tests  was  conducted  to  investigate  the  effect  upon  the 
discharge  current  of  changing  the  location  of  the  discharge  points.  (This 
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information  is  of  interest  in  the  design  of  flush-mounted  dischargers. ) 

In  these  tests  the  0.005-inch-diameter  wires  used  earlier  were  replaced 
with  sewing  needles  spaced  two  inches  apart.  For  the  first  tests  the 
needles  projected  aft  from  the  trailing  edge  of  the  airfoil  as  is  shown 
in  the  upper  sketch  of  Fig.  37  (Configuration  A).  The  solid  curves  in  the 
figure  represent  the  data  obtained  with  this  configuration.  Except  for  a 
somewhat  hig!ier  threshold  potential,  these  data  are  the  same  as  those 
obtained  with  the  0.005-inch-diameter  wires. 

Next,  the  sewing  needles  were  moved  to  a  position  ^-inch  forward  of 
the  trailing  edge  and  positioned  at  right  angles  to  the  airfoil  surface, 
as  indicated  in  the  lower  sketch  of  Fig.  37  (Configuration  B).  (This  is 
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the  general  configuration  of  the  discharge  pine  on  the  flush -mounted  ortho- 
decoupled  discharger  discussed  in  Sec.  VIII-B. )  The  data  obtained  with 
Configuration  B  are  shown  by  the  broken  curves  in  Fig.  37.  It  is  evident 
that  moving  the  pins  to  the  new  location  increased  the  corona  threshold 
considerably.  At  the  higher  applied  potentials,  however,  the  discharger 
current  is  reduced  by  only  roughly  30  percent.  It  was  concluded,  therefore, 
that  Pin  Configuration  B  would  be  satisfactory  for  use  in  a  flush-mounted 
discharger . 

As  was  indicated  earlier,  a  set  of  wind  tunnel  tests  was  conducted 
to  study  discharges  occurring  from  the  end  of  a  cylinder.  Unfortunately, 
perhaps  because  of  the  small  size  of  the  wind  tunnel  used,  the  results  of 
these  tests  were  not  satisfactory.  For  this  reason,  these  tests  will  not 
be  discussed.  As  will  be  indicated  later,  the  theory  regarding  discharges 
from  cylinders  was  verified  during  flight  tests  in  which  current  leaving 
rod-shaped  dischargers  mounted  on  the  airfoils  was  monitored. 

D.  DISCHARGE  DISTRIBUTION  FOR  A  TYPICAL  AIRCRAFT 

1.  Unhodipied  Aircraft 

The  success  with  which  the  field  measurements  on  the  laboratory  model, 
used  together  with  Eq.  (29),  predicted  the  discharge  currents  from  the 
airfoil  in  the  wind  tunnel  indicated  that  it  should  be  possible  to  use  a 
similar  technique  to  obtain  reasonably  accurate  estimates  of  the  manner 
in  which  the  discharge  current  distributes  itself  among  the  various  dis¬ 
charging  extremities  on  an  aircraft. 

Before  attempting  to  devise  a  scheme  to  determine  the  discharge- 
current  distribution,  it  will  be  of  interest  to  consider  some  of  the 
relationships  which  must  exist  on  an  aircraft  on  which  corona  discharges 
are  occurring.  As  the  aircraft  potential  is  raised  from  zero,  corona  will 
first  occur  at  the  airfoil  extremities  where  the  electric  fields  are 
highest.  As  the  potential  is  raised  further  the  fields  at  the  outboard 
sections  of  the  trailing  edges  of  the  airfoils  will  reach  threshold  value 
and  discharges  will  occur  from  them.  If  the  potential  is  raised  still 
further,  the  discharge  will  move  further  inboard  along  the  airfoil.  Thus, 
we  will  find  that  at  the  inboard  limit  of  the  corona-discharge  region  on 
each  airfoil,  the  field  intensity  equals  the  corona-threshold  value.  Since 
the  structure  of  all  airfoil  trailing  edges  on  a  given  aircraft  is  generally 
quite  similar,  the  fields  at  the  inner  limits  of  discharge  will  be  the 
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same  on  all  airfoila,  and  the  diacharge  current  per  unit'  length  at  thia 
poaition  will  be  the  aame  for  all  airfoila.  Furthermore,  the  diacharge 
current  per  unit  length  on  all  airfoila  will  increaae  aa  the  outboard  tip 
ia  approached. 

If  one  now  aaaumea  that  the  manner  in  which  the  diacharge  current 
variea  with  poaition  within  the  diacharge  region  ia  the  aame  for  all 
airfoila  (poaition  expreaaed  in  unita  of  diacharge  extent  on  that  airfoil), 
then  the  current  diacharged  from  an  airfoil  ia  directly  proportional  to 
the  linear  extent  of  the  diacharge  along  that  airfoil.  Although  this 
aaaumption  is  not  strictly  valid,  the  error  it  introduces  is  smaller  than 
that  caused  by  other  factors  such  as  the  presence  of  charged  precipitation 
particles  surrounding  the  aircraft,  which  cannot  be  properly  taken  into 
account  in  the  laboratory.  Thus,  the  discharge-current  distribution  may 
be  estimated  by  using  a  charged  model  of  the  aircraft  equipped  with  devices 
to  simulate  the  space-charge  clouds  aft  of  the  airfoils.  The  extent  of 
the  space-charge  cloud  along  each  airfoil  should  be  adjusted  until  equal 
field  intensities  are  measured  at  corresponding  points  along  the  trailing 
edge  in  the  region  of  diacharge  on  each  airfoil.  For  example,  the  field 
might  be  measured  at  the  center  of  the  region  of  discharge  on  each  airfoil. 
The  fraction  of  the  total  current  discharged  by  a  particular  airfoil  is 
given  by  the  transverse  extent  of  space-charge  cloud  along  that  airfoil 
divided  by  the  total  extent  of  space-charge  cloud  used  on  the  model. 

Measurements  of  this  sort  were  carried  out  in  the  laboratory  to 
investigate  discharge  current  division  on  the  Boeing  367-80  aircraft  used 
in  the  flight  tests  conducted  on  Contract  AF  33(616)-3914. A  ^^-scale 
model  of  the  aircraft  was  suspended  in  the  laboratory  and  connected  to  a 
high-voltage  power  supply.  Tabs  of  metal  simulating  the  space  charge  were 
attached  to  the  trailing  edges  of  all  airfoils  in  a  manner  similar  to  that 
illustrated  for  the  wing  in  Fig.  30.  The  field  at  the  center  of  each  tab 
along  the  junction  with  the  trailing  edge  was  measured,  and  the  width  of 
the  tabs  was  adjijsted  until  equal  field  readings  were  obtained  on  all 
airfoils. 

Actually,  conducting  tabs  do  not  produce  an  accurate  representation 
of  the  fields  in  the  region  of  discharge  along  an  ordinary  airfoil. 
Reference  to  Fig.  33  indicates  that,  with  a  conducting  tab,  the  field  in 
the  discharge  region  is  maximum  at  the  ends  and  minimum  in  the  middle. 

This  situation  will  exist  if  the  discharging  region  is  treated  (as  by  the 
addition  of  the  fine  wire  discharge  points  in  the  wind  tunnel  experiments) 
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to  have  a  much  lower  threshold  than  the  remainder  of  the  airfoil  edge. 

To  represent  the  conditions  about  an  ordinary  airfoil  in  corona,  however, 
the  field  should  be  minimum  at  the  inboard  limit  of  the  discharge.  The 
difference  stems  from  the  fsct  that  Fig.  33  represents  the  field  conditions 
which  exist  when  the  discharge  is  restricted  to  a  given  region  along  the 
airfoil  as  it  was  by  the  discharger  wires  in  the  wind  tunnel  experiments. 
(In  this  case  the  field  intensity  at  the  inboard  limit  of  the  discharge 
region  can  be  far  above  the  threshold  field  intensity  in  the  treated 
discharging  section,  so  that  it  is  possible  for  E  to  decrease  as  one  moves 
outboard  and  still  not  drop  below  threshold  field  in  this  region. )  The 
effect  of  the  tabs,  however,  is  to  reduce  the  field  intensity  along  the 
trailing  edges  as  would  space  charge.  Furthermore,  the  same  sort  of  error 
inherent  in  using  tabs  to  represent  space  charge  exists  on  all  of  the 
airfoils  so  that  errors  from  this  source  tend  to  cancel  one  another.  The 
discharge  distribution  determined  using  the  tabs,  therefore,  should  be 
representative  of  that  existing  in  flight. 

It  was  found  from  the  laboratory  measurements  that  equal  field 
readings  were  obtained  on  all  the  airfoils  on  the  scale  model  when  tabs 
of  the  following  widths  were  attached  to  the  airfoils  indicated; 

Each  wing  tab  »  3  inch 

Each  elevator  tab  «  1.5  inch 

Rudder  tab  ■  1.5  inch. 

These  results  indicate  that  the  discharge  current  should  divide  among  the 
airfoils  as  follows: 

Current  from  wings  ■  4/7  ■  57.2%  of  Total 
Current  from  elevators  ■  2/7  28.5^  of  Total 

Current  from  rudder  >  1/7  >  14. 3X  of  Total. 

It  was  not  possible  to  measure  the  distribution  of  discharge  current  on 
the  unmodified  aircraft.  During  the  flight-test  evaluation  of  the  flush- 
mounted  decoupled  discharger  system,  however,  provisions  were  included  to 
measure  the  current  leaving  the  dischargers  incorporated  into  the  trailing 
edges  of  the  wings,  and  the  data  obtained  during  these  tests  provided  a 
rough  check  on  the  current  distribution.^  Since  the  dischargers  were 
installed  on  all  of  the  airfoils  and  since  the  corona  threshold  of  a 
discharger-equipped  airfoil  was  only  slightly  lower  than  the  threshold  of 
a  normal  airfoil,  the  discharge  data  obtained  during  these  tests  should 
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be  representative  of  the  conditions  which  would  exist  on  the  unmodified 
aircraft.  The  dischargers,  furthermore,  occupied  a  considerable  extent 
of  the  outboard  portion  of  each  airfoil  (12  feet  on  the  wing,  for  example) 
so  that  at  normal  charging  rates  it  is  certain  that  nearly  all  of  the 
current  left  via  the  dischargers. 

Listed  in  Table  III  are  typical  measured  discharge  currents  from  the 
wings  and  the  total  charging  currents  calculated  using  the  methods  of 
Sec.  IV-B.  In  view  of  the  indirect  procedure  used  to  determine  total 
charging  current,  its  value  may  not  be  accurate.  It  is  not  unreasonabls, 
therefore,  that  there  should  be  considerable  scatter  in  the  experimental 
values  obtained  for  the  fraction  of  the  current  leaving  from  the  wings. 

The  values  listed  in  the  table,  however,  are  of  the  same  order  of  magnitude 
as  the  percentage  indicated  by  the  results  of  the  laboratory  measurements. 
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COMPARISON  OF  CALCUUTEO  TOTAL  DISCHARGE  CURRENT 
WITH  MEASURED  DISCHARGE  CURRENT  FROM  WINGS 


FLIGHT 

DATE 

RECORD 

NO. 

ALTITUDE 

{{••*■) 

CALCULATED 
INTERCEPTIGR 
AREA 
(•q  It) 

MEASURED 

CBARGING 

RATE 

CALCULATED 

TOTAL 

CHARGING 

CURRENT 

(/trap) 

MEASURED 
DISCHARGE 
CURRENT 
FROM  WINGS 
(/trap) 

If/Ij.  X  100 

PERCENT  OF 
CURRENT 
DISCHARGED 
PROM  WINGS 

B  i 

18,500 

mSM 

3.64 

193 

78.8 

B  • 

4.85 

257 

111 

3/27/59 

B  ; 

18,500 

53.0 

10.4 

561 

204 

3/27/59 

B  *  • 

18,500 

53.0 

9.92 

526 

204 

3/27/59 

1371 

22,700 

40.2 

2.75 

111 

55.6 

50 

3/27/59 

40.2 

3.08 

124 

55.6 

44.7 

3/27/59 

1375 

22,700 

40.2 

7.59 

306 

130 

42.5 

3/27/59 

1377 

22,700 

40.2 

6.65 

268 

125.4 

46.8 

4/  1/59 

18465 

33,400 

33.3 

2.85 

95.0 

51.0 

53.7 

4/  1/59 

18469 

33,100 

33.3 

2.50 

83.2 

41.8 

50.2 

4/  1/59 

18472 

32,900 

33.3 

3.55 

118.5 

69.6 

58.7 

4/  1/59 

18475 

32,700 

33.3 

2.50 

83.2 

41.8 

50.2 

A  closer  examination  of  the  data  in  the  table  indicates  that  the 
percentage  of  current  discharged  from  the  wings  tended  to  decrease  as  the 
total  charging  current  increased.  One  explanation  for  this  observed  result 
offers  itself  if  one  notes  that  the  threshold  potential  of  the  wings  is 
lower  than  the  thresholds  of  the  empennage  airfoils.  Thus,  if  the  charging 
rate  started  at  zero  and  were  slowly  increased,  one  would  find  that  at 
first  the  wings  discharged  all  of  the  current.  Then  as  the  aircraft 


potential  exceeded  the  thresholds  of  the  empennage  airfoils,  they  would 
begin  to  discharge  an  increasing  fraction  of  the  total  current  as  the 
charging  rate  and  potential  increased.  At  high  charging  rates,  the  dis¬ 
charge  distribution  should  approach  that  indicated  by  the  laboratory 
measurements . 

Another  factor  which  can  influence  discharge  distribution  at  the 
higher  charging  rates  is  the  sheath  of  positively  charged  precipitation 
generated  by  the  aircraft.  Most  of  the  charged  precipitation  is  generated 
near  the  fuselage,  while  negative  charge  is  discharged  from  the  extremities. 
Thus,  although  the  net  charge  in  the  region  aft  of  the  aircraft  is  zero 
(assuming  steady  conditions  in  which  charging  current  must  equal  discharge), 
and  the  various  charged  particles  existing  at  distances  of  the  order  of 
an  airplane  length  aft  of  the  aircraft  will  produce  no  influence  on  the 
aircraft  fields;  in  the  immediate  vicinity  of  the  aircraft,  the  positive 
chsrge  in  the  precipitation  sheath  will  influence  fields  on  the  aircraft 
to  a  greater  extent  than  will  the  negative  charge  which  is  further  removed. 
In  particular,  the  sheath  of  positive  precipitation  will  tend  to  enhance 
the  fields  at  the  empennage  of  the  aircraft  and  increase  the  proportion 
of  current  discharged  from  the  empennage  airfoils.  If  the  charge  generated 
in  one  airplane  length  of  precipitation  is  only  a  small  fraction  of  the 
airplane  charge,  its  effect  upon  the  airplane  fields  will,  of  course,  be 
small.  If,  however,  the  charge  in  an  airplane  length  of  precipitation  is 
an  appreciable  fraction  of  the  airplane  charge,  it  will  have  a  significant 
effect  upon  the  field  structure  about  the  airplane. 

Let  us  consider,  for  example,  a  KC-135  aircraft. flying  at  250  meters 
per  second  at  20,000  ft.  altitude  in  light  precipitation  such  that  the 
total  charging  rate  is  100  /ramp.  At  this  charging  rate  the  aircraft 
potential  will  be  roughly  125  kv,  which  is  only  slightly  above  threshold 
potential.  Since  the  aircraft  capacitance  is  roughly  1000  mii,  the  total 
charge,  Q,  on  the  aircraft  is 

Q  -  cy 

»  1.25  ^  10“*  coulomb 

At  the  given  charging  current  and  aircraft  speed  the  line-charge  density, 

O’,  in  the  precipitation  column  will  be 
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or  m 


i/v 

\ 

m  4  X  10**^  coulofflb/meter 

Since  the  airplane  is  roughly  36  meters  long,  the  charge  in  one  airplane 
length  of  precipitation  is  1.44  ^  10"*  coulomb,  which  is  12  percent  of  the 
charge  on  the  airplane.  At  this  charging  rate,  therefore,  the  discharge 
current  distribution  should  not  be  seriously  affected  by  the  sheath  of 
charged  predipitation. 

If  the  charging  current  is  now  raised  to  one  milliampere  the  airplane 
potential  will  rise  to  roughly  250  kv,  resulting  in  an  airplane  charge  of 
2.5  ^  10~*  coulomb.  The  charge  per  airplane  length  of  precipitation  is 
now  1.44  ^  10" *  coulomb,  which  is  roughly  60  percent  of  the  charge  on  the 
airplane.  In  this  case  the  discharge  distribution  should  be  altered 
appreciably  by  the  charged  precipitation. 

This  sort  of  change  in  distribution  was  observed  during  flight  tests 
conducted  with  rod-shaped  retrofit  dischargers  installed  on  the  airfoil 
trailing  edges.  The  results  of  these  tests  will  be  discussed  in  the 
next  section. 

2.  Aimcrapt  Equipped  sith  Disciargbrs 

A  very  common  physical  configuration  used  for  aircraft  static  dis¬ 
chargers  is  a  rod  of  conducting  material  attached  to  the  trailing  edge  of 
an  airfoil  with  the  axis  of  the  rod  directed  along  the  airstream.  This 
is  the  general  form  of  the  AN/AS.A-3  discharger  and  of  the  retrofit  ortho- 
decoupled  discharger  discussed  in  Sec.  VIII-C.  An  attractive  feature  of 
this  design  is  that  the  conducting  rod  concentrates  even  further  the  high 
fields  existing  near  the  airfoil  extremities  so  that  the  corona  threshold 
potential  of  the  dischargers  can  be  made  extremely  low  —  an  important  con¬ 
sideration  in  a  discharger  installation.  For  this  reason  rod-shaped  dis¬ 
chargers  will  certainly  continue  to  be  used  on  aircraft,  and  it  was 
important  that  an  investigation  should  be  made  into  their  discharging 
capabilities. 

Illustrated  in  Fig.  31  is  a  method  by  means  of  which  it  is  possible 
to  predict  the  current  that  would  be  discharged  from  a  rod  of  xero  threshold 
potential.  In  this  method  the  presence  of  space  charge  aft  of  the  discharger 
is  simulated  by  attaching  to  the  end  of  the  discharger  a  conducting  cylinder 
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whose  diameter  equals  that  of  the  diacharger.  Actually,  sinc^  the  threshold 
of  a  practical  discharger  is  not  zero,  it  is  apparent  that,  at  low  poten¬ 
tials  particularly,  the  charge  per  unit  length  in  the  space-charge  region 
will  be  lower  than  at  the  surface  of  the  discharger.  This  effect  is 
illustrated  in  Fig.  34,  in  which  the  measured  discharge  currents  at  low 
potentiaij  fall  below  the  values  predicted  on  the  basis  of  zero  threshold 
potential.  To  adequately  simulate  this  situation  one  would  have  to  devise 
a  structure  such  as  a  series  of  short  isolated  cylinders  which  could  be 
given  a  charge  of  the  proper  magnitude  and  positioned  aft  of  the  discharger 
rod.  The  laboratory  procedures  involved  in  a  simulation  of  this  sort  would 
of  course  be  very  tedious.  To  save  time,  therefore,  it  was  noted  that  when 
the  potential  is  far  above  threshold  very  little  error  will  result  from 
using  “space  charge  cylinders"  of  the  same  diameter  as  the  discharger  rods. 
Since  the  problem  of  primary  concern  is  generally  the  discharging  capa¬ 
bility  of  the  system  under  conditions  of  high  charging,  no  effort  was  made 
to  develop  a  laboratory  technique  suitable  for  low-current  conditions. 

Details  of  the  technique  used  to  estimate  currents  leaving  dischargers 
at  various  locations  on  an  aircraft  are  illustrated  in  Fig.  38.  In 
essence,  brass  rods  simulating  the  dischargers  snd  space  charge  were 
attached  to  the  trailing  edge  of  a  ^/i-scale  model  of  an  airfoil  tip.  The 
field  measured  at  the  point  representing  the  junction  of  a  discharger  and 
its  “space  charge"  was  used  in  Eq.  (31)  to  compute  the  current  leaving  via 
that  discharger.  To  permit  the  computed  discharger  currents  to  be  related 
to  an  aircraft  potential,  the  field  at  a  reference  point  on  the  airfoil 
tip  model  was  measured.  A  field  measurement  was  also  made  at  the  same 
reference  point,  appropriately  scaled,  on  each  of  the  airfoils  on  a 
-scale  model  of  the  flight-test  aircraft  suspended  in  the  laboratory 
and  charged  to  a  known  potential. 

Although  they  are  not  illustrated  in  Fig.  38,  the  airfoil  tip  model 
was  surrounded  with  a  set  of  guard  rings  and  equipotential  surfaces  in 
order  that  the  fields  about  the  model  duplicate  as  nearly  as  possible  the 
fields  existing  about  the  airfoil  on  the  aircraft.  To  check  the  accuracy 
with  which  the  fields,  were  duplicated,  systematic  measurements  were  made 
of  the  fields  at  various  points  on  the  wing-tip  model.  Field  measurements 
were  made  at  corresponding  points  on  the  ^/io-scale  airplane  model.  The  two 
sets  of  field  measurements  were  in  good  agreement,  indicating  that  the 
fields  on  the  wing-tip  model  accurately  duplicated  those  existing  on  the 
aircraft. 
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FIG.  38 

ILLUSTRATION  OF  LABORATORY  TECHNIQUE  FOR  ESTIMATING  CURRENT 
LEAVING  DISCHARGERS 
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An  important  question  which  arose  in  connection  with  the  assembly  of 
the  mock-up  was  how  long  the  conducting  cylinders  should  be  made  to  ade¬ 
quately  represent  the  space  charge.  This  problem  was  investigated  by 
measuring  the  radial  fields  near  the  ends  of  the  modeled  discharger  rods 
as  the  length  of  the  cylinders  representing  the  space  charge  was  varied. 

It  was  found  that  extending  the  cylinders  beyond  a  length  of  13  inches  had 
very  little  effect  upon  the  measured  fields.  For  this  reason  the  space- 
charge  cylinders  used  in  the  laboratory  discharge-current  investigation 
were  13  inches  long. 

To  further  clarify  the  method  by  which  the  discharge  currents  were 
determined,  a  typical  set  of  measurements  will  be  described  in  detail. 
First,  a  ^^0-scale  model  of  the  flight-test  aircraft  was  suspended  in  the 
laboratory  and  charged  to  a  potential  of  4  kv  as  illustrated  in  Fig.  38. 
Using  the  charge-separation  techniques  described  in  Appendix  C,  a  measure¬ 
ment  was  made  of  the  normal  field  at  each  of  the  reference  points  located 
on  the  wing,  rudder,  and  elevator.  In  the  case  of  the  wing,  it  was  found 
that  the  field  intensity  at  the  reference  point  was  52.9  kv/meter.  On 
the  full-scale  aircraft  charged  to  a  potential  of  1  kv,  therefore,  the 
reference-point  field  intensity  will  be 

52.9 

£  3  — ■'■■J..,.  ,  0.264  kv/meter 

4(50) 

The  reference-point  fields  on  the  other  airfoils  were  found  in  the  same 
manner.  Thus,  on  the  full-scale  aircraft,  the  reference-point  field 
intensities  are; 


E  . 

=  0.264V 

kv/meter 

^rai«r 

«  0.163V 

kv/meter 

^  ablator 

-  0.213V 

kv/meter 

where  V  is  the  airplane  potential  in  kilovolts. 

Next,  the  ^/4-8cale  model  of  the  airfoil  tip  was  charged  to  a  con¬ 
venient  potential,  and  measurements  were  made  to  determine  the  relationship 
between  the  reference-point  field  intensity  and  the  radial  field  near  the 
end  of  a  discharger.  (This  same  relationship  will  exist  on  the  full-scale 
aircraft.)  With  the  particular  potential  used  in  the  laboratory,  it  was 
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found  that  ,  the  field  at  the  first  discharger  (farthest  outboard),  was 
283  kv/meter  when  the  field  at  the  reference  point,  was  6.78  kv/meter. 

Thus,  for  No.  1  discharger. 


283 

6.78 


-  41.2 


Now,  using  the  results  of  the  ^/&0-scale  model  reference-point  field 
measurements  we  can  say  that  on  the  full-scale  aircraft  the  surface- field 
intensity  near  the  end  of  No.  1  discharger  on  the  wing  will  be 

41.2(0.264)V  »  10.9V  kv/meter 

=  10,900V  volts/meter 

Similar  measurements  were  carried  out  for  each  of  the  other  dischargers 
on  the  airfoil. 

The  values  obtained  above  for  the  discharger  surface  fields  were 
substituted  into  Eq.  (31)  to  predict  the  current  leaving  via  each  of  the 
dischargers  on  the  wing.  In  evaluating  the  equation,  the  values  of  the 
parameters  were  chosen  to  correspond  to  the  conditions  existing  on  the 
aircraft  during  a  period  of  charging  encountered  during  the  last  flight 
teat  using  the  Boeing  367-80  aircraft.  These  were 

!♦'  =  435  mph  >»  194  meters/sec 

2a  ^  %  inch  «  6.35  ^  10"*  meter 

Thus:,  for  No.  one  discharger  on  the  wing,  the  predicted  discharge  current 
is 

,  ,  6.35  10"*  277 

•  ■  ‘1”' - —  SSrTTo-'' 

■  0.375V  microamperes 

where  V  is  the  full-scale  airplane  potential  in  kilovolts.  Calibration 
factors  were  computed  also  for  the  remaining  dischargers  on  the  airfoil 
and  are  listed  in  Table  IV. 
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TABLE  IV 

COMPARISON  <X  PREDICTED  DISCHARGE  CURRENTS  FROM 
DISCHARGERS  ON  WING  WITH  MEASURED  CURRENTS 


CUMEKT  CAUBRATION 

K  ■  Airplaat  Potaatial 

V  -  43S  npli,  la  • 

-  286  kv 
iaek 

DISCIAWER  NUMBIR 

FOR  V  -  4SS  nph 
(M*) 

Predicted 

Carreat 

(M*> 

Maaaared 

Carreat 

(4t*) 

1 

(Outboard) 

t  -  0.375V* 

108.0 

116.5 

1.08 

2 

i  -  0.215V 

61.5 

69.5 

1.13 

3 

i  -  0.184V 

52.6 

estiauted 

(63) 

(1.20) 

4 

<  -  0.175V 

50.1 

67.2 

1.34 

5 

»  «  0.178V 

51.0 

estimated 

(79) 

(1.58) 

6 

(Inboard) 

t  -  0.197V 

56.4 

98.8 

1.75 

Total  Current  froii 
Above  Dischargera 

379.6 

494.0 

1.30 

*  V  i«  airplM*  veltafa  ia  kilorelta. 


Listed  in  the  same  table  are  the  discharger  currents  predicted  on  the 
basis  of  these  laboratory  measurements  for  an  airplane  potential  of  286  kv. 
The  validity  of  this  laboratory  technique  is  demonstrated  when  the  pre- 
dieted  currents  are  compared  to  the  measured  discharger  currents  (also 
listed  in  the  table)  obtained  in  flight  at  286  kv  potential  on  the 
Boeing  367*80  aircraft.  Excellent  agreement  between  predicted  and  measured 
currents  was  obtained  for  the  dischargers  near  the  outboard  end  of  the 
wing.  The  range  of  aircraft  potential  over  which  the  laboratory  predic¬ 
tions  were  valid  is  illustrated  in  Fig.  39  in  which  measured  data  read 
from  three  widely  separated  regions  of  the  flight  record  obtained  on  the 
last  teat  using  the  Boeing  367-80  aircraft  are  compared  to  predicted 
discharge  currents  for  dischargers  No.  1  and  No.  2.  The  measured  currents 
from  the  inboard  dischargers,  however,  were  somewhat  higher  than  the 
laboratory  investigation  predicted.  This  result  is  not  unexpected  since, 
although  the  laboratory  mock-up  included  provisions  for  simulating  the 
effect  of  the  negative  space  charge  cloud  to  the  rear  of  the  dischargers, 
no  provisions  were  made  to  simulate  the  cloud  of, positively-charged  pre¬ 
cipitation  particles  to  the  rear  of  the  wing.  In  flight  through  precipi¬ 
tation,  therefore,  the  positively-charged  particles  will  tend  to  raise  the 
fields  at  the  dischargers  to  values  higher  than  those  indicated  by  the 
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DISCHARGER  CURRENT 


FIG.  39 


COMPARISON  OF  PREDICTED  AND  MEASURED  CURRENTS  FROM  WING 
TRAILING-EDGE  DISCHARGERS 
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laboratory  measurements.  Thus,  the  currents  measured  in  flight  should  be 
higher  than  the  predicted  currents..  Since  the  outboard  dischargers  are 
shielded  from  the  positive  particles  by  the  negative  ion  cloud,  however, 
the  current  from  them  should  be  only  slightly  higher  than  that  predicted 
from  the  mock-up  measurements.  In  spite  of  the  above  shortcomings  of  this 
method  it  should  be  observed  that  it  was  possible,  using  nothing  more 
elaborate  than  a  few  brass  rods,  a  sheet  of  aluminum  and  an  inexpensive 
^/^O- sc  ale  model  of  the  aircraft  to  predict  with  an  error  of  only  30  percent 
the  absolute  magnitude  of  total  current  leaving  the  dischargers  on  a 
particular  airfoil  on  an  aircraft.  The  poorest  estimates  of  the  individual 
discharger  currents,  furthermore,  were  only  slightly  less  accurate. 

Using  the  appropriate  number  of  dischargers  on  the  ^4-acale  mock-up 
together  with  the  reference-point  field  intensities  measured  on  the  rudder 
and  elevator  it  wss  possible  to  predict  the  total  current  leaving  from  the 
dischargers  on  these  airfoils.  For  the  configuration  of  dischargers  used 
on  the  trailing  edge  of  the  rudder  during  the  flight  tests  on  the 
Boeing  367-80  and  QANTAS  707,^^®^*  for  example,  the  laboratory  measurements 
indicated  that  the  currents  should  be  given  by 

ij  (outboard)  =  0.266V  /xa 

ij  «  0.152V  /ia 

ij  (inboard)  «  0.167V  /xa 

where  V  is  the  airplane  potential  in  kilovolts.  Unfortunately,  on  all 
of  the  flight  tests  in  which  provisions  were  included  to  record  airplane 
potential  the  current  leaving  the  empennage  dischargers  was  not  monitored, 
so  that  the  expressions  for  rudder  current  in  terms  of  airplane  voltage 
cannot  be  verified  directly.  However,  for  a  given  airplane  potential  — 
in  other  words,  for  a  given  time  in  flight  —  the  results  of  the  laboratory 
tests  indicate  that  the  current  leaving  No.  1  discharger  on  the  wing 
should  be  related  to  the  current  leaving  No.  1  discharger  on  the  rudder  by 

M  »i.«  0.375V 

*1  r«d4«r  0.266V 

-  1.41 
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During  the  QANTAS  teats  the  currents  leaving  these  two  dischargers  were 
recorded.  During  periods  of  engine  charging  shortly  after  take-off,  it  was 
found  that 


^1  •im§  60  fin 

-  1.36 

which  is  in  good  agreement  with  the  predicted  ratio  of  currents. 

On  flights  through  precipitation  with  the  same  current  leaving  the 
wing,  it  was  found  that  the  current  leaving  the  tail  increased  until 

M  60  /xh 

11  m  —  I  I— 

i,  .  .  72  ua 

-  0.84 

This  result  indicates  that  in  precipitation  charging  the  field  at  the 
empennage  of  the  aircraft  is  enhanced  by  the  factor  ‘  1.63  as  the 
result  of  the  positive  sheath  formed  near  the  fuselage  of  the  aircraft. 
This  sheath  is  composed  of  particles  that  have  given  up  negative  charge 
upon  impact  with  the  forward  part  of  the  aircraft. 

The  results  of  the  rudder-discharger  current  measurements  were 
combined  with  the  detailed  measurements  of  wing-discharger  current  to 
obtain  an  empirical  expression  for  the  total  discharge  current,  J^,  ex¬ 
pressed  as  a  function  of  the  No.  1  wing-discharger  current: 

Ij  =  21-  +  3.17  X  10'*  li  (32) 

where  1^  >  current  discharged  from  the  outboard  trailing-edge  discharger 

on  the  wing.  This  expression,  plotted  in  Fig.  40,  was  used  in  Part  2  of 
Appendix  D  in  connection  with  the  calculation  of  effective  aircraft  inter¬ 
cepting  area  and  charging  rate.  Equation  (32)  and  Fig.  40  also  proved 
useful  when  dischargers  were  installed  on  aircraft  which  could  not  be 
elaborately  instrumented.  In  this  case,  by  monitoring  the  current  from 
one  discharger,  it  was  possible  to  obtain  an  accurate  estimate  of  total 
discharge  current.  This  technique  was  used,  for  example,  in  obtaining 
the  statistical  data  regarding  aircraft  charging  shown  in  Fig.  27. 
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No  effort  was  made  to  further  refine  the  laboratory  techniques  to 
take  into  account  the  charged  precipitation.  It  was  felt  that  the  results 
indicated  in  Table  IV  and  Fig.  39  demonstrate  the  general  validity  of  the 
method.  Furthermore,  it  was  felt  that  its  utility  lies  hot  in  predicting 
every  detail  of  the  discharge-current  distribution  during  every  conceivable 
charging  situation,  but  rather  in  providing  an  inexpensive  method  for 
studying  the  effects  upon  discharge  capability  of  changes  in  discharger 
location. 


FIG.  40 

TOTAL  DISCHARGE  CURRENT  AS  A  FUNCTION 
OF  CURRENT  DISCHARGED  FROM  OUTBOARD 
DISCHARGER  ON  WING  TRAILING  EDGE  IN 
PRECIPITATION  CHARGING 


It  is  important,  for 
example,  that  the  discharger 
arrangement  on  an  aircraft  be 
so  chosen  that  it  achieves  as 
nearly  as  possible  the  maximum 
discharge  current  for  that 
number  of  dischargers.  If  this 
condition  is  fulfilled,  the 
airplane  potential  for  a  given 
charging  current  will  be  mini¬ 
mum,  and  discharges  from  the 
airframe  itself  will  thereby 
be  minimized.  The  amount  of 
current  that  a  discharger  will 
discharge  at  a  given  aircraft 
potential  and  airspeed  is 
determined  primarily  by  two 
factors:  the  field  strength 

about  the  airfoil  at  its  loca- 
(in  the  absence  of  other  dis¬ 
chargers)  and  the  proximity  of 
other  dischargers.  Thus  a  dis¬ 
charger  located  on  the  wingtip 
will  discharge  more  current 
than  one  located  inboard  from 
the  tip  because  the  field  about 
the  tip  is  more  intense.  Also 
a  discharger  on  an  airfoil 
trailing  edge  will  discharge 
more  current  when  it  is  isolated 
than  it  will  if  a  second 
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discharger  is  placed  next  to  it,  because  the  space  charge  from  the  second 
discharger  will  have  a  shielding  effect  on  the  first.  Consequently  one 
is  led  to  seek  an  optimum  distribution  for  a  given  number  of  dischargers 
such  that  the  dischargers  are  far  enough  apart  that  discharging  capability 
is  not  severely  limited  by  mutual  shielding  effects,  and  yet  not  so  far 
apart  that  the  inboard  dischargers  must  be  placed  in  the  low  field  regions. 

To  determine  the  optimum  distribution  of  dischargers  along  the 
trailing  edge  of  an  airfoil,  six  model  dischargers  were  uniformly  spaced 
along  the  trailing  edge  of  the  wing  of  a  KC-135  model  and  the  total  current 
discharged  by  these  six  dischargers  was  determined  for  several  spacings. 

The  results  of  this  test  are  shown  in  Fig.  41,  where  the  total  current  is 
plotted  as  a  function  of  spacing  between  the  dischargers.  As  seen  in  the 
figure,  the  maximum  current  for  a  uniform  spacing  is  obtained  when  the 
dischargers  are  approximately  24  inches  apart.  However,  because  the  curve 


FIG.  41 

EFFECT  OF  DISCHARGER  SPACING  ON  TOTAL  DISCHARGE  CURRENT 


97 


is  quite  flat  in  this  region,  increasing  or  decreasing  the  spacing  by  a 
factor  of  two  does  not  appreciably  reduce  the  total  current  discharged. 

To  determine  whether  some  other  spacing  might  be  better  than  the 
uniform  spacing,  several  non-uniform  spacings  were  investigated,  in  which 
the  dischargers  were  placed  close  together  in  the  high  field  regions  near 
the  outboard  tip  and  further  apart  inboard  from  the  tip.  The  total 
currents  discharged  by  these  arrays  were  compared  to  the  current  discharged 
by  an  equal  number  of  dischargers  uniformly  spaced  over  the  same  portion 
of  the  trailing  edge.  In  all  cases  examined,  the  non-uni forin  spacings 
appeared  to  offer  no  increase  in  the  total  current  discharged,  although 
currents  discharged  by  individual  dischargers  in  the  array  varied 
considerably. 

The  fact  that  the  total  current  is  relatively  independent  of  spacing 
may  be  explained  by  observing  that,  within  the  range  of  spacings  investi¬ 
gated,  changes  in  mutual  shielding  almost  exactly  nullify  changes  in  field 
intensity  as  spacing  is  varied.  As  was  indicated  earlier,  with  close 
spacing  the  dischargers  are  located  in  the  high  dc-field  region  near  the 
airfoil  tip,  but  the  current  is  severely  limited  by  mutual  shielding.  With 
wiie  spacing,  on  the  other  hand,  there  is  less  mutual  shielding,  but  more 
of  the  dischargers  are  located  in  regions  of  reduced  field  farther  inboard 
from  the  airfoil  tip. 

In  the  next  laboratory  test  an  investigation  was  made  of  the  manner 
in  which  the  discharge  current  varies  with  the  number  of  dischargers 
installed  on  an  airfoil.  Measurements  were  made  to  determine  the  total 
current  discharged  when  from  4  to  14  dischargers  spaced  18  inches  apart 
are  installed  on  an  airfoil.  The  results  of  these  measurements,  shown  in 
Fig.  42,  indicate  that,  after  the  first  few  dischargers  are  installed,  each 
additional  discharger  provides  an  equal  increment  of  discharging  capaci  ty. 
This  result  together  with  the  results  of  the  spacing  tests  indicate  that 
simply  by  installing  additional  dischargers  it  is  possible  to  increase  the 
discharging  capability  of  an  installation  to  any  reasonable  value.' 

While  a  uniform  discharger  spacing  is  adequate  to  discharge  maximum 
current  for  a  given  aircraft  potential,  one  should  not  immediately  conclude 
that  this  is  the  optimum  distribution  of  dischargers.  It  is  important  also 
that  one  take  advantage  of  the  space-charge  cloud  produced  aft  of  each 
discharger  to  maximize  the  threshold  potential  for  discharges  from  the 
airframe  itself  (since  these  discharges,  if  permitted  to  occur,  would 


FIG.  42 

VARIATION  OF  DISCHARGE  CURRENT  WITH  NUMBER 
OF  DISCHARGERS  INSTALLED 


generate  noise).  For  turbojet  aircraft  in  particular  this  implies  that 
the  corona  threshold  potential  of  points  along  the  trailing  edge  between 
the  dischargers  be  maximized,  subject  to  the  condition  that  the  discharger 
current  also  remain  maximized. 

The  threshold  potential  of  points  along  the  trailing  edge  of  an  air¬ 
foil  was  determined  in  the  laboratory  using  a  technique  similar  to  that 
described  in  Sec.  V-B-2.  Using  the  set-up  shown  in  Figs.  8  and  9,  a 
measurement  was  made  to  determine  the  field  intensity,  E^(d),  existing  at 
a  distance  d  forward  of  the  trailing  edge  at  corona  threshold.  Next,  a 
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charged  scale  model  of  the  aircraft  was  suspended  in  the  laboratory  as 
in  Fig.  23  and  static-field  measurements  were  made  to  determine  the  air¬ 
plane  potential  necessary  to  produce  the  threshold  value  of  field  E^(d) 
at  various  distances  in  from  the  tip  of  the  airfoil.  In  these  measurements 
again,  the  presence  of  space  charge  aft  of  the  dischargers  was  simulated 
by  attaching  conducting  rods  to  the  trailing  edge  at  the  discharger 
locations. 

The  lower  curve  in  Fig.  43  describes  the  airplane  potential  necessary 
to  produce  corona  from  points  along  the  trailing  edge  of  the  wing  on  a 
KC-135  assuming  no  discharges  are  occurring  elsewhere  on  the  wing.  As 
one  would  expect,  the  threshold  of  the  outermost  portion  is  much  lower  than 
that  of  the  rest  of  the  wing.  Since  it  has  been  demonstrated  that  total 
discharge  current  does  not  depend  critically  upon  spacing,  it  appears  that 
maximisation  of  the  trailing-edge  corona  threshold  is  most  easily  accomplished 


FIG.  43 

THRESHOLD  POTENTIALS  OF  POINTS  ALONG  TRAILING  EDGE  OF  WING  ON  KC-135 
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by  decreasing  the  spacing  of  the  outboard  dischargers.  In  this  way  space- 
charge  density  would  be  highest  in  this  region  arid  the  trai ling-edge  fields 
here  would  be  reduced  most. 

By  attaching  dischargers  at  the  locations  shown  at  the  bottom  of 
Fig.  43  the  threshold  potentials  were  raised  to  the  values  indicated  by 
the  upper  curve.  The  threshold  potential  of  the  trailing  edge  between  the 
two  dischargers  furthest  outboard  could  be  increased  further  by  reducing 
their  spacing  even  more.  Decreasing  the  spacing  below  about  12  inches 
offers  little  advantage  because  at  this  spacing  the  threshold  potential 
of  the  trailing  edge  in  the  discharger  region  is  as  high  as,  or  perhaps 
higher  than,  some  other  points  on  the  aircraft  such  as  points  inboard  of 
the  dischargers  on  the  wing.  Thus,  a  distribution  such  that  the  two 
furthest  outboard  dischargers  are  12  to  18  inches  apart  and  the  remainder 
are  24  inches  apart  is  very  nearly  optimum.  With  the  discharger  arrange¬ 
ment  corresponding  to  Fig.  43,  and  making  use  of  the  data  of  Figs.  39  and 
40,  we  conclude  that  at  an  altitude  of  15,000  feet,  high-field  points  on 
the  wing  just  inboard  of  the  innermost  discharger  would  reach  corona 
threshold  with  a  total  aircraft  charging  current  of  approximately  3.5  ma. 

We  see  therefore  that  the  discharger  complement  used  in  the  flight  tests 
is  adequate  to  discharge  without  noise  the  highest  charging  currents 
encountered  in  the  tests,  but  would  not  handle  appreciably  greater  currents 
than  these. 
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VI  PREDICTION  OF  PRECIPITATION- STATIC  NOISE  FIEEflS 


A.  PREDICTED  NOISE  IN  707  AIRCRAFT  ANTENNAS 

By  employing  the  information  regarding  charging  magnitude,  discharge 
distribution,  corona  characteristics,  and  noise  coupling  presented  in  the 
preceding  sections,  it  is  possible  to  predict  the  characteristics  of  the 
precipitation- static  noise  generated  in  an  aircraft  antenna.  Calculations 
of  this  sort  were  carried  out  for  the  antennas  employed  in  the  flight  tests 
conducted  on  the  Boeing  367-80.  To  illustrate  the  noise-prediction  tech¬ 
nique,  the  noise  current  generated  in  the  tail-cap  antenna  on  the  unmodi¬ 
fied  flight-test  aircraft  will  now  be  evaluated. 

Let  us  say  that  we  are  interested  in  the  noise  current  generated  in 
a  one-kc  bandwidth  at  a  frequency  of  500  kc.  Let  us  assume,  furthermore, 
that  the  aircraft  is  at  an  altitude  of  20,000  feet  in  precipitation  such 
that  the  charging  rate  is  S  microampere/sq  ft  and  the  effective  intercepting 
area  is  50  sq  ft  so  that  the  total  charging  current  is  250  microamperes. 
These  conditions  were  chosen  since  they  are  typical  of  those  often  existing 
during  the  precipitation-static  flight  tests. 

The  results  of  the  laboratory  tests  described  in  Sec.  V-D-1  indicate 
that  on  the  unmodified  flight-test  aircraft  the  total  discharge  current, 

I should  be  distributed  among  the  variou.  airfoils  as  follows: 


^  r  «  d  4  •  r 


=  -  I.  -  0. 143  I 


I  1  •  T  a  t  o  r  1 


ii. 


0.285  I. 


I  .  =  — =  0.572 

WlBf*  7  d 


The  QANTAS  tests  described  in  Sec.  V-D-2  indicated  that  the  laboratory 
results  should  be  valid  for  engine-charging  conditions,  but  that  in 
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precipitation  charging,  the  empennage  curr»nts  are  increased  relative  to 
the  wing  currents  by  a  factor  of  approximately  1.6  as  a  result  of  the  posi¬ 
tively  charged  precipitation  sheath  formed  about,  the  aircraft.  For  this 
calculation,  therefore,  it  will  be  assumed  that  the  discharge  current  is 
distributed  as  "follows; 

^rudder  =  01821, 

Uv.tor.  ""  ®  ^  d 

=  0  454  I, 

For  a  total  charging  current  of  250  microamperes  this  means  that 

■^rudder  ~  45  5  microamperes 

microamperes 

^ming*  ■  103.5  microamperes 

Before  proceeding  further  it  is  well  to  note  from  Fig.  15  that  the 
noise-spectrum  amplitudes  generated  by  the  three  sources  differ  at  most 
by  only  50%.  From  Fig  6,  on  the  other  hand,  it  is  evident  that  for  fre¬ 
quencies  below  10  Me  the  coupling  between  the  tail-cap  antenna  and  the 
rudder  tip  is  almost  always  an  order  of  magnitude  greater  than  the  coupling 
to  the  other  extremities  Thus,  on  the  unmodified  aircraft,  the  noise 
existing  in  the  tail-cap  antenna  will  be  almost  entirely  that  generated 
by  discharges  from  the  rudder  To  simplify  the  calculations,  therefore, 
we  will  consider  only  the  noise  coupled  from  the  rudder  tip 

From  Fig.  15  for  a  discharge  current  of  45  5  microamperes  we  obtain 


\D(2  Me) I 


'■e«  level 


70^  10'*  amp  me ter//r ad ian/sec 


From  Fig.  12  we  find  that  the  relative  spectral  density  at  20,000  feet  al¬ 
titude  for  a  frequency  of  500  kc  is  2  4  Thus 


|D(500  kc)|, 


2  0,000  ft 


2.4  (7  0  X  10**) 


1  68  X  10  *  amp  meter//radi an/sec 
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At  a  frequency  of  500  kc ,  the  normalized  coupling  between  the  tail  cap 
and  the  rudder  is  found  from  Fig.  6  to  be 


500  kc) 


3.5  ^  10”*  meters”* 


The  induction  area,  a,  of  the  tail  cap  antenna  used  in  the  flight  tests  was 


a  =  8.6  a* 


Therefore  the  coupling  between  the  tail-cap  antenna  and  the  rudder  tip  is 


500  kc)  =  3.5  X  10”*  (8.6) 

=  0.301  meter”* 

The  noise-current  spectral  density  may  be  found  by  substituting  these 
results  into  Eq.  (15): 


/G(500  kc)  =  i/;(^,  500  kc)  1D(500  kc) 


'2  0,00  0  ft 


=  0.301  (1.68  X  10”«) 

=  5.06  X  10”*  amp/v^radian/ sec 

From  the  definition  of  noise-current  spectral  density,  G(co) ,  the  short- 
circuit  noise  current  in  the  antenna  is  given  by 


=  /G(w)  vW 


(33) 


where  BW  is  the  bandwidth  in  radians.  (For  a  one-kc  bandwidth  /BW  =  79.2  ) 
Thus  for  a  total  discharge  current  of  250  microamperes  at  an  altitude  of 
20,000  feet  we  find  that  the  short-circuit  noise  current  in  a  one-kc  band¬ 
width  generated  in  the  tail-cap  antenna  at  a  frequency  of  300  kc  should  be 

I,^  =  79.2  (5.06  X  10”*) 

=  4.02  X  10”*  ampere 
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(ASSUMING  A,  •  so  ft*  I  u-MM-m 

FIG.  44 

VARIATION  OF  TAIL-CAP-ANTENNA  NOISE  CURRENT  WITH  DISCHARGE  CURRENT 

This  calculation  was  repeated  for  several  values  of  discharge  current  to 
yield  the  solid  curve  of  Fig.  44.  The  upper  curve  of  Fig.  45  was  obtained 
by  repeating  the  calculation  for  different  values  of  frequency. 

B.  COMPARISON  OF  PREDICTED  NOISE  WITH  FLIGHT- 
TEST  MEASUREMENTS 

Since  flight-test  measurements  were  made  of  the  noise  existing  in 
the  two  antennas  employed  in  obtaining  the  coupling  data  of  Fig.  6,  the 
validity  of  the  precipitation-static  noise  theory  may  be  tested  by  com¬ 
paring  the  predicted  noise  with  the  results  of  these  measurements.*®’^ 

The  results  of  tail-cap  antenna  noise  measurements  made  at  a  frequency  of 
500  kc  on  the  unmodified  aircraft  were  plotted,  therefore,  in  Fig.  44. 

It  is  evident  from  the  figure  that  the  predicted  noise  current  agrees 
remarkably  well  with  the  results  of  the  flight-test  measurements.  It 
should  be  noted  in  connection  with  the  flight-test  data  that  was  not 
measured  directly  in  flight.  The  charging  rate,  i^,  was  measured,  and 
it  was  assumed  that  the  effective  intercepting  area,  A^,  was  50  sq  ft. 
(Measurements  in  clouds  of  this  type  indicated  that  was  generally 
within  the  range  30-70  sq  ft.)  If,  for  example,  A^  were  actually  30  sq  ft 
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FIG.  45 

TAIL-CAP-ANTENNA  NOISE  CURRENT  AS  A  FUNCTION  OF  FREQUENCY 
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Short  circuit  noise  current  induced  t^c.  short  circuit  noise  current  induced 

IN  ANTENNA  IN  l-ke  eANDWiOTH  ~  om»«r«t  IN  ANTENNA  IN  l-kc  BANDWIDTH  — >  omperes 


FIG.  46 

VARIATION  OF  BELLY-ANTENNA  NOISE  CURRENT  WITH  DISCHARGE  CURRENT 


FREQUENCY  -  Me 


FIG.  47 

BELLY-ANTENNA  NOISE  CURRENT  AS  A  FUNCTION  OF  FREQUENCY 
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during  the  period  in  which  the  flight-test  data  were  obtained,  the  agree¬ 
ment  between  measured  and  predicted  results  would  be  almost  exact. 

In  the  upper  part  of  Fig.  45  also,  there  is  good  general  agreement 
between  predicted  and  measured  noise  data. 


Upon  observing  from  the  flight-test  data  that  the  tail-cap  antenna 
noise  appeared  indeed  to  be  generated  entirely  by  discharges  from  the 
rudder,  an  interesting  experiment  suggested  itself.  If  a  layer  of  in¬ 
sulating  tape  were  applied  to  the  trailing  edge  of  the  rudder,  suppressing 
corona  discharges  from  this  region  and  forcing  the  current  to  leave  from 
the  other  extremities  where  the  coupling  to  the  tail  cap  is  much  weaker, 
the  tail-cap  antenna  noise  spectrum  should  be  modified  drastically.  Cal¬ 
culations,  the  results  of  which  are  shown  in  the  lower  curve  of  Fig.  45, 
were  carried  out,  therefore,  to  predict  the  noise  that  should  exist  in 
the  tail  cap  if  all  of  the  current  were  discharged  from  the  wings  and 
elevators.  The  results  of  the  noise  measurements  on  the  modified  air¬ 
craft,  also  shown  in  the  figure,  verified  the  predictions. 


In  predicting  the  noise  from  more  than  one  source  as  in  the  lower 
curve  of  Fig.  45  one  utilizes  the  fact  that  the  noise  currents  from  the 
various  sources  are  incoherent.  Thus,  the  noise  current  from  each  source 
is  evaluated  as  was  the  rudder  discharge  noise  in  obtaining  Fig.  44.  The 
total  noise  current  is  obtained  by  adding  the  individual  noise  currents 
in  root-mean  square  fashion. 


As  a  further  test  of  the  theory,  the  values  of  the  noise  currents 
induced  in  the  belly  antenna  on  the  flight-test  aircraft  were  predicted 
and  compared  to  the  results  of  flight-test  measurements  as  is  indicated 
in  Figs.  46  and  47-  It  is  evident  that  almost  perfect  agreement  was  ob¬ 
tained.  One  may  therefore  conclude  that  the  theories  pf  noise  generation 
and  coupling  are  valid,  and  that  inferences  drawn  from  these  theories 
will  be  accurate. 


C.  EQUIVALENT  NOISE  FIELDS 

Although  the  terminal  noise  current  completely  specifies  the 
precipitation-static  noise  response  of  an  antenna,  the  terminal  current 
is  not  a  familiar  term.  For  example,  upon  inspecting  Fig.  45,  it  is 
obvious  that  preventing  discharges  from  the  rudder  reduced  the  low- 
frequency  precipitation-static  noise  level  in  the  tail-cap  antenna  by 
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roughly  35  db.  Without  further  calculation,  however,  one  is  not  certain 
whether  the  reduced  noise  is  sufficiently  low  that  it  can  be  ignored  or 
if,  even  with  discharges  from  the  rudder  prohibited,  precipitation-static 
interference  is  a  serious  problem.  Terminal  noise  currents,  furthermore, 
may  be  misleading  when  comparing  the  relative  precipitation-static  per¬ 
formance  of  antennas  as,  for  example,  in  Fig.  47  and  the  lower  curve  of 
Fig.  45.  Although  the  noise  current  is  lower  in  the  belly  antenna,  the 
sensitivity  of  this  antenna  is  lower  than  that  of  the  tail  cap.  Thus  the 
signal- to-precipitation-static  noise  ratios  in  these  two  antennas  will 
differ  by  far  less  than  one  might  be  led  to  believe  from  a  comparison  of 
the  terminal  currents. 

It  is  apparent  from  the  foregoing  discussion  that  the  precipitation- 
static  noise  data  would  be  much  more  convenient  if  they  were  expressed  in 
terms  of  the  field  intensity  required  to  generate  the  calculated  terminal 
current  in  the  antenna.  Whereas  the  antenna  noise  current  is  dependent 
upon  the  antenna  size  and  sensitivity,  the  equivalent  noise  field  applies 
to  any  antenna  installed  at  a  particular  location.  The  equivalent-noise- 
field  concept  is  also  helpful  in  that  one  generally  has  an  idea  of  the 
signal  field  strengths  in  which  the  receiving  equipment  is  expected  to 
operate.  Thus,  with  the  precipitation-static  noise  expressed  as  an  equiv¬ 
alent  field  intensity,  it  is  possible  immediately  to  write  the  signal-to- 
precipitation-static  noise  ratio  and  to  determine  if  communication  is 
possible  in  the  presence  of  precipitation-static  interference. 

Let  us  consider  first  the  low-frequency  case.  If  the  dimensions  of 
the  aircraft  are  small  compared  to  a  wavelength  at  the  frequency  of 
interest,  a  dipole-type  antenna  mounted  on  the  aircraft  will  have  the 
radiation  pattern  of  an  elementary  dipole.  The  characteristics  of 

the  antenna  in  this  case  are  determined  by  specifying  the  direction  of 
the  dipole  axis  and  the  value  of  a  parameter  called  the  induction  area, 
a,  of  the  antenna  which  is  defined  as 


where  E.  is  the  field  intensity  of  the  incident  wave,  q  is  the  value  of 
the  induced  charge  on  the  antenna,  and  Cg  =  (1/36  tt)  ^  10~^  farad/meter. 
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It  should  Le  noted  that  a  is  usually  defined  as  the  value  obtained  when 
the  antenna  is  so  oriented  as  to  maximize  q.  In  this  analysis,  however, 
it  will  be  convenient  to  have  a  vary  with  the  direction  of  arrival  of  the 
received  signal  £.. 

For  the  low-frequency  case  being  considered,  the  current  flowing  at 
the  short-circuited  antenna  terminals  is  Thus  using  Eq.  (34)  we 

may  write 


Considering  the  two  forms  of  the  equivalent  circuit  of  the  receiving  an¬ 
tenna  shown  in  Fig  48,  it  is  seen  that  the  equivalent  area  serves  in  the 
equivalent  current  generator  circuit,  a  function  comparable  to  that  served 
by  the  parameter  (effective  height)  in  the  voltage-generator  circuit. 

In  the  equivalent  circuits  of  the  figure, 
if  the  antenna  impedance  is  taken  as  a 
pure  capacitive  reactance,  as  is  cus¬ 
tomary  in  dealing  with  the  circuit 
aspects  of  small  antennas,  then  and 
a  for  a  given  antenna  are  related  through 
the  expression 

€o«  =  (36) 

where  C  is  the  capacitance  of  the  an¬ 
tenna  By  rearranging  Eq.  (35)  and 
making  an  analogy  between  noise  and 
Signal  we  can  write 


FIG.  48 

EQUIVALENT  CIRCUITS 
OF  RECEIVING  ANTENNA 


where  is  the  terminal  noise  current,  and  is  defined  as  the  equivalent 
noise  field  It  is  worth. noting  that  at  low  frequencies  both  the  coupling, 
<//,  and  source  spectrum,  D(a)) ,  are  constant  so  that  will  be  constant  and 
will  vary  inversely  with  frequency. 
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|.  EQUIVALENT  NOISE  FIELD  m  l-kc  BANDWIDTH 


FREQUENCY  —  Me 


FIG.  49 

COMPARISON  OF  METHODS  USED  TO  CALCULATE  EQUIVALENT 
NOISE  FIELDS  AT  TAIL-CAP  ANTENNA 
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Referring  to  Fig.  45,  we  find  that  at  a  frequency  of  500  kc,  the 
ahort-circuit  terminal  current  predicted  in  a  1-kc  bandwidth  in  the  tail- 
cap  antenna  on  the  unmodified  aircraft  is  4  x  10"^  amperes  when  the  total 
discharge  current  is  250  microamperes.  From  laboratory  measurements  we 
know  that  the  induction  area,  a,  of  this  antenna,  for  a  vertically- 
polarized,  horizontally-propagating  signal,  is  8.6  square  meters.  Thus 
using  Eq.  (37)  we  can  write 

^  _  (4  X  10-M(367r  X  io>) 

"  '  2n  (5  ^  10®)(8.6) 

=  1.675  ^  10  *  volts/meter 

Although  Eq.  (37)  is  valid  only  for  low  frequencies,  it  was  used  at  fre¬ 
quencies  as  high  as  8  Me  to  compute  the  values  of  |£^|  used  in  plotting 
the  solid  curves  in  Fig.  49.  The  high-frequency  noise-field  data  computed 
in  this  manner  will  be  compared  to  the  data  obtained  using  a  method  which 
is  more  valid  at  the  frequencies  above  the  quasi-static  range,  but  which 
requires  considerably  more  information  about  the  characteristics  of  the 
antenna  used  in  performing  the  noise-coupling  measurements.  Thus,  since 
the  induction  area  is  easy  to  measure  in  the  laboratory,**’*^  it  was  felt 
that  an  effort  should  be  made  to  determine  if  the  noise-field  data  com¬ 
puted  using  quasi  static  theory  at  the  high  frequencies  might  provide  a 
^f i® i ent  1  y  accurate  estimate  of  l^„i  for  many  purposes. 

As  the  frequency  is  raised  above  the  quasi-static  range,  the  antenna 
can  no  longer  be  represented  by  a  simple  dipole.  In  calculating  [£  |, 
therefore,  it  is  necessary  to  take  into  account  changes  in  the  radiation 
pattern  and  effects  of  aircraft  resonances.  The  problem  is  most  easily 
approached  with  the  aid  of  the  reciprocity  relationship  which  applies  to 
antennas  in  free  space** 

^  47rA 


where  G  =  directive  gain  of  antenna. 
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The  receiving  cross-section,  A,  is  defined  as  the  power  extracted 
from  the  antenna  by  a  conjugate  matched  load  divided  by  the  power  density 
in  the  incident  wave.  It  is  a  function  of  the  polarization  and  angle  of 
arrival  of  the  incident  wave. 

In  terms  of  the  equivalent  generator  circuits  of  Fig.  48  the  power 
delivered  to  a  conjugate  matched  load  is  given  by 


(39) 


where  =  radiation  resistance  of  antenna.  Dividing  this  by  the 

power  density  in  the  incident  wave,  leads  to 


a  i 


(40) 


Substituting  Eq.  (40)  into  Eq.  (38)  yields  the  following  expression  for 
the  incident  field 


(41) 


By  making  an  analogy  between  noise  and  signal,  this  equation  can  be  used 
to  determine  the  equivalent  noise  field  from  the  short-circuit  noise 
current. 

It  is  evident  from  Eq.  (41)  that  in  order  to  evaluate  equivalent  noise 
fields  it  is  necessary  to  have  radiation  patterns  and  impedance  data  for 
the  antenna  in  question.  Unfortunately  these  data  are  not  available  for 
either  of  the  antennas  used  in  the  flight  tests  conducted  using  the 
Boeing  367-80  aircraft.  These  data,  however,  are  available  for  the  fin- 
cap  HF  probe  antenna  used  on  the  KC-135  and  707  aircraft. 

This  antenna  is  located  near  the  tail  cap,  and  for  frequencies  such 
that  the  wavelength  is  large  compared  to  the  size  of  the  antennas  and  the 
distance  between  them,  the  normalised  coupling  data  of  Fig.  6  will  be  valid 
for  the  probe  antenna  also.  Since  the  induction  area  of  the  probe  antenna 
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in  response  to  a  vertically -polari zee! ,  horizontally  propagating  signal 
is  24.9  square  meters,  the  short-circuit  noise  currents  induced  in  it 
will  be  24.9/8.6  2.9  times  as  large  as  the  values  given  for  the  tail- 

cap  antenna  in  Fig.  45.  (The  induction  area,  a,  of  the  tail  cap  was 
8.6  square  meters. ) 

Equivalent  noise  fields  existing  at  the  fin  cap  for  frequencies  in 
the  range  2  Me  and  higher  were  calculated  from  Eq.  (41)  using  probe- 
antenna  noise  currents  together  with  the  probe- antenna  data  of  Hef.  21. 

For  frequencies  below  2  Me  the  fin-cap  noise  fields  were  calculated  using 
tail-cap  antenna  noise  -  current  data  in  Eq.  (37).  Since  antenna  gain  varies 
with  the  direction  of  signal  arrival,  the  equivalent  noise  field  will  not 
have  a  unique  value  for  a  given  frequency,  but  will  be  a  function  of  di¬ 
rection.  A  three-dimensional  representation  would  be  required  to  com¬ 
pletely  describe  it.  However,  since  much  aircraft  communication, 
particularly  in  the  case  of  commercial  airlines,  occurs  in  the  fore 
and  aft  direction,  and  since  a  complete  set  of  radiation  patterns  was 
not  available,  noise-field  calculations  were  carried  out  only  for  the 
longitudinal-vertical  plane.  The  results  of  these  calculations  for  vari¬ 
ous  vertical  angles  are  presented  for  the  forward  direction  in  Fig.  50, 
and  for  the  aft  direction  in  Fig.  51.  In  addition  to  the  variations 
caused  by  the  effects  of  noise  coupling  changes,  the  curves  are  influenced 
by  the  radiation  patterns.  In  Fig.  50,  for  example,  the  peak  in  |£^|  at 
0  -  100°  and  /  =  2  Me  is  caused  by  a  null  in  the  radiation  pattern  which 
exists  at  ^  *  110°  when  /  =  2  Me.  Similarly  the  peak  in  |F„ |  at  ^  =  70* 
and  /  =  4  Me  is  caused  by  a  null  in  the  radiation  pattern  at  0  =  60°  when 
/  =  4  Me. 

The  noise-field  data  computed  for  0  =  90°  using  the  radiation-pattern 
method  were  plotted  as  the  broken  lines  in  Fig.  49  for  comparison  with 
the  noise-field  data  obtained  from  quasi-static  theory.  Although  the 
noise  fields  obtained  for  a  given  direction  of  propagation  using  the  quasi¬ 
static  method  differ  from  the  true  values,  a  comparison  of  Figs.  49  and  50 
indicates  that  this  difference  is  not  greater  than  that  resulting  from 
small  changes  in  the  direction  of  propagation.  Thus,  the  quasi-static 
method  provides  a  simple  technique  for  estimating  the  order  of  magnitude 
of  noise  field  at  an  antenna  location  when  pattern  and  impedance  data  for 
an  antenna  at  that  location  are  not  available.  An  estimate  of  this  sort 
is  sufficient  for  many  applications. 


115 


FREQUENCY - Me 


RB-24M-304 


FIG.  50 

EQUIVALENT  NOISE  FIELDS  AT  FIN  CAP  FOR  FORWARD  DIRECTIONS 
OF  PROPAGATION 


FIG.  51 

EQUIVALENT  NOISE  FIELDS  AT  FIN  CAP  FOR  AFT  DIRECTIONS 
OF  PROPAGATION 
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Since  pattern  and  impedance  data  were  not  available  for  the  belly 
antenna  uaed  during  the  flight  tests  on  the  Boeing  367-80,  the  equivalent 
noise  fields  at  the  belly  location  shown  in  Fig.  52  were  all  computed 
using  quasi-static  theory  and  the  induction  area  of  the  antenna.  Com¬ 
parison  of  Fig.  52  with  the  lower  sets  of  curves  in  Figs,  50  and  51 
indicates  that,  with  discharg'es  from  the  rudder  prevented,  the  noise 
fields  at  the  tail  cap  and  belly  are  of  the  same  order  even  though  the 
noise  current  in  the  tail-cap  antenna  is  much  higher  than  in  the  belly 
(see  Figs.  45  and  47). 


FIG.  52 

EQUIVALENT  NOISE  FIELDS  AT  BELLY-ANTENNA  LOCATION 
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It  should  be  noted  that  the  data  presented  in  Figs.  49  through  52 
assume  that  the  discharge  current  is  250  microamperes  and  that  the  alti¬ 
tude  is  20,000  feet.  If  the  discharge  current  were  increased  to  the  not 
uncommon  value  of  1  ma,  the  equivalent  noise  fields  would  very  nearly 
double.  At  a  different  altitude,  both  the  magnitude  and  shape  of  the 
frequency  curves  would  be  changed  in  accordance  with  Fig.  12. 

D.  DEPENDENCE  OF  NOISE  FIELD  UPON  AIRCRAFT  SIZE 

Since  detailed  calculations  of  noise  fields  generated  by  precipita¬ 
tion  static  have  been  carried  out  only  for  large  aircraft  of  the  size  of 
the  KC-135,  it  is  of  interest  to  investigate  the  manner  in  which  the 
equivalent  fields  vary  with  aircraft  size  in  order  that  the  results  may 
be  applied  to  smaller  aircraft.  This  problem  may  be  studied  by  employing 
certain  of  the  results  obtained  thus  far. 

Let  us  assume  that  we  have  two  aircraft  flying  side  by  side  in  pre¬ 
cipitation  so  that  the  intrinsic  charging  current  per  unit  frontal  area 
will  be  the  same  for  both  aircraft.  Furthermore,  let  us  assume  that  the 
two  aircraft  have  similar  shapes  but  that  the  dimensions  of  Aircraft  No.  2, 
the  smaller  aircraft,  are  1/n  the  dimensions  of  Aircraft  No.  1  (n  >  1). 

The  projected  frontal  areas  of  the  two  aircraft,  therefore,  will  be  re¬ 
lated  by 


A. 

p  r  o  j  j 

From  Fig.  19,  however,  we  observe  that  as  the  dimensions  of  the  aircraft 
are  decreased,  the  percentage  of  the  frontal  area  effective  in  intercepting 
particles  increases.  If  the  data  of  Fig.  19  are  plotted  on  logarithmic 
paper  the  curves  have  average  slopes  approaching  minus  one.  Thus,  we  must 
conclude  that  the  effective  intercepting  area  will  vary  only  as  the  first 
power  of  the  aircraft  dimensions,  or 


'eff , 


•  it. 


(42) 


1 
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Hence  the  total  charging  currents  to  the  two  aircraft  will  be  related  by 


Since  the  noiae  spectrum  amplitude  |/)(£ij)  |  varies  nearly  as  the  square  root 
of  the  discharge  current,  we  obtain 


(43) 


Referring  to  Fig.  53  let  us  say  that  on  Aircraft  No.  1  we  measured  a 
coupling  at  the  standard  distance  d  ^  from  the  edge  of  an  extremity. 

Then  on  Aircraft  No.  2,  assuming  that  the  dimensions  of  the  antenna  were 
scaled  with  the  rest  of  the  aircraft,  the  coupling  to  the  scaled  reference 
point  at  the  distance  d ^/n  from  the  edge  will  in  the  quasi-static  case  be 
ypj  ~  '*’/'!■  This  result  follows  from  the  fact  that  the  geometries  of  the 
reciprocal  fields  about  the  two  aircraft  are  of  similar  form  so  that  for 
a  given  voltage  applied  to  the  antenna  the  field  intensities  about  the 
smaller  aircraft  must  be  n  times  those  at  corresponding  points  on  the  large 
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FIG.  53 

ILLUSTRATION  OF  COUPLING  RELATIONSHIPS 
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aircraft.  To  calculate  noiae,  however,  we  muat  know  the  coupling  at  the 
Btandard  distance  on  Aircraft  No.  2  also.  It  can  be  shown  that  the 
field  intensity  (and  coupling)  near  the  edge  of  a  sheet  varies  inversely 
as  the  square  root  of  distance  to  the  edge.  Thus  as  is  indicated  in 
Fig.  53  we  find  that,  at  the  standard  distance  on  Aircraft  No.  2, 


Substituting  this  result  and  Eq.  (43)  into  Eq.  (15)  we  obtain  for  the 
noise  spectral  density  ^G(a))2  induced  in  the  antenna  on  the  second  aircraft 

=  v/G(<i;)  j 

Assuming  the  same  receiving  bandwidth  on  both  aircraft  this  means  that 


Since  the  antennas  were  scaled  with  the  rest  of  the  aircraft,  the 
following  relationship  will  exist  between  the  induction  areas: 


Substituting  this  result  and  Eq.  (44)  into  Eq.  (37)  we  find  that 


Ej  =  n*£j 


In  other  words,  for  aircraft  operating  in  the  same  precipitation  at  the 
same  speed,  the  equivalent  noise  fields  are  inversely  proportional  to 
the  square  of  the  linear  dimensions  of  the  aircraft. 

Perhaps  the  reader  will  object  that  we  were  not  justified  in  applying 
the  results  of  Fig.  19  to  the  entire  aircraft,  including  the  wings,  in 
deriving  Eq.  (42).  Let  us,  therefore,  ignore  Fig.  19  entirely  and  as¬ 
sume  that 
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If  we  carry  through  the  renaining  arguments  we  will  find  that 

Ej  •  (47) 

which  is  only  slightly  different  from  Eq.  (45). 

To  obtain  an  estimate  of  the  magnitude  of  the  noise  fields  which  may 
be  expected  on  smaller  aircraft  let  us  consider  the  belly  (or  canopy)  an* 
tenna  location  on  the  F-86  aircraft.  Since  the  dimensions  of  the 
Boeing  367-80  are  roughly  3. 3  times  those  of  the  F-86,  the  noise  fields  at 
the  F-86  belly,  using  Eq.  (45),  will  be  roughly  eleven  times  those  at  the 
367-80  belly.  For  the  charging  conditions  of  Fig.  52  and  a  frequency  of 
500  kilocycles  the  noise  field  will  be 

^-.6  B.Il,  =  11  (25) 

=  275  /ivolt/meter 


in  a  bandwidth  of  1  kc . 

If  we  use  Eq.  (47)  instead  of  Eq.  (45)  we  obtain 

Bally  “  ^  (25) 

•>  150  /ivolt/meter 


in  a  bandwidth  of  1  kc. 

As  was  indicated  earlier,  the  data  of  Fig.  52  were  obtained  in  a 
region  of  light  charging,  and  charging  currents  four  times  as  high  are 
quite  common.  Thus  the  noise  fields  will  often  be  twice  as  high  as  those 
listed  above.  Since  the  receiver  bandwidth  is  often  as  great  as  5  kc, 
the  equivalent  noise  fields  listed  above  may  have  to  be  increased  by  an 
additional  factor  as  great  as  /S  -  2.235.  It  is  apparent,  therefore,  that 
precipitation-static  interference  can  be  a  particularly  serious  problem 
on  small  aircraft. 


) 
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YII  COMPARISON  OF  LOOP  AND  DIPOLE  REGEIYING  AN1ENNAS 


A.  GENERAL 

Although  we  have  thus  far  confined  our  attention  to  the  problem  of 
noise  in  dipole-typc  aircraft  antennas,  most  of  what  has  been  said  will 
also  apply  to  loop  antennas.  It  is  apparent,  for  example,  that  the  rate 
at  which  the  aircraft  charges,  and  the  manner  in  which  the  discharges 
distribute  themselves  among  the  extremities  will  not  be  affected  by  the 
receiving  antenna.  Also,  the  spark-noise-^source  technique  used  to  study 
dipole- antenna  noise  coupling  may  be  employed  in  the  investigation  of 
loop  antennas.  One  should  not  conclude,  however,  that  loop  and  dipole 
antennas  are  similar  in  all  respects  in  regard  to  their  susceptibility 
to  precipitation-static  interference.  Important  differences  exist  between 
these  two  antennas,  as  will  be  pointed  out  in  the  next  section. 

B.  THEORETICAL  CONSIDERATIONS 

It  will  be  of  interest  to  compare  the  equivalent  noise  fields  which 
a  discharge  occurring  at  an  extremity  generates  in  loop  and  dipole  antennas 
in  the  quasi-static  range.  Let  us  assume  that,  as  is  indicated  in  Fig.  54, 
a  loop  and  a  dipole  are  both  installed  at  a  distance  z  from  some  extremity 
(say  nose)  of  a  major  member  of  the  aircraft  (say  fuselage).  Anoise  source 
at  some  other  extremity  excites  a  noise  current  I  ■  on  the  member  under 
consideration.  This  current  will  have  a  distribution  on  the  member  of 
interest  given  by  , 


(48) 

If  the  cross-sectional  area  of  the  member  is  uniform  throughout  its  length, 
the  current  will  have  a  triangular  distribution,  or 

/,(.)  =  .  (49) 
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TO  extremity  at 
WHICH  DISCHARGE 
OCCURS 


If  s  is  the  peripheral  distance  around  the  member,  the  surface  current 
density  at  the  position  of  the  antennas  is 

I 

~  p  (50) 

where  p  is  a  factor  indicating  the  relative  current  concentration  at  the 
point  on  the  periphery  where  the  antenna  is  situated. 

Let  us  consider  first  the  loop  antenna.  At  the  surface  of  the  air¬ 
craft  member 


or  upon  substituting  Eqs.  (50)  and  (48) 
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If  we  say  that  our  noise  voltage  ,  arises  from  an  equivalent 
field  in  a  manner  analogous  to  the  way  ,  comes  from  in  Eq. 
we  can  write 


K  ,  =  o,  -  E  , 

"1  »  -n  "  ‘ 

Vo 


Upon  equating  this  expression  to  Eq.  (52)  we  obtain 


VoP 

For  a  triangular  current  distribution  we  can  employ  Eq  (49)  in  Eq. 
and  write  for  the  noise  field 


E 


n  I 


VoP 

ys 


Now  let  us  consider  the  dipole  antenna  From  the  equation  of 
tinuity  we  have 


n  ^  n 

dZ  °  ~  Bf 


where  is  the  charge  per  unit  length  on  the  cylinder.  If  we  now 
serve  that 


Q.  = 


and 


BI 

fl 

IF 


and  substitute  these  results  into  Eq.  (57),  we  obtain 


-uQ 


noise 

(54) 


(55) 

(55) 

(56) 

con- 

(57) 

ob- 
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It  will  be  of  interest  at  this  time  to  compare  the  precipitation>static 
noise  characteristics  of  these  two  antennas  as  given  by  Eqs.  (56)  and  (61). 
It  is  evident,  for  example,  from  Eq.  (61)  that  the  dipole  noise  field  is 
ind«spendent  of  position  along  the  cylinder,  whereas  Eq.  (56)  indicates  that 
the  loop  noise  field  increases  with  increasing  distance  from  the  end  of 
the  cylinder.  Thus,  the  highest  signal  to  precipitation-static  noise  ratio 
is  achieved  by  mounting  the  loop  antenna  as  close  as  possible  to  the  nose 
of  the  aircraft. 

It  should  also  be  noted  that  Eq.  (56)  is  valid  only  if  the  loop  is 
oriented  as  is  indicated  in  Fig.  54  with  its  axis  at  right  angles  to  the 
axis  of  the  cylinder.  If  the  loop  is  rotated  90  degrees,  for  example, 
until  its  axis  is  parallel  to  the  axis  of  the  cylinder  there  will  be  no 
coupling  between  the  loop  and  the  noise  currents  on  the  cylinder,  and  the 
equivalent  noise  field  will  be  very  low.  Thus,  if  a  null  in  the  radiation 
pattern  along  the  axis  of  the  aircraft  member  can  be  tolerated,  it  is  pos¬ 
sible  to  achieve  a  further  improvement  in  signal-to-precipitation-static- 
noise  ratio  by  decoupling  the  loop  from  the  noise  currents  flowing  in  the 
airframe  by  orienting  the  loop  antenna  so  that  its  axis  is  parallel  to 
the  axis  of  the  airframe  member  on  which  the  loop  is  mounted. 

Another  interesting  comparison  between  the  characteristics  of  the 
loop  and  dipole  may  be  made  by  noting  from  Eq.  (61)  that  for  a  given  noise 
current  the  equivalent  noise  field  of  a  dipole  varies  inversely  with  fre¬ 
quency.  [in  connection  with  the  discussion  of  Eq.  (37)  it  was  pointed 
out  that  in  the  quasi-static  range,  is  independent  of  frequency  and 
that  does  vary  inversely  with  frequency.  This  result  is  verified  by 
the  data  of  Figs.  49  through  52.]  Thus,  although  a  given  noise  current 
may  not  produce  serious  interference  at  high  frequencies,  it  may  still 
disable  communication  and  navigation  equipment  at  the  low  frequencies. 

In  the  case  of  the  loop  antenna,  however,  Eq.  (56)  indicates  that  the 
noise  field  is  independent  of  frequency.  This  is  undoubtedly  the  reason 
for  the  frequently  observed  superiority  of  a  shielded  loop  over  a  dipole 
for  low-frequency  reception  under  precipitation  static  conditions. 

By  combining  Eqs.  (55)  and  (60)  we  can  write  the  ratio  of  the  noise 
fields  induced  in  the  loop  and  the  dipole,  as  follows: 
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(62) 


CO  f{z) 

7  rTT) 


where  c  =  3  x  10*  meters/eec.  For  the  case  of  the  triangular  current 
distribution,  Eq.  (62)  becomes 


E 

1 


II  t 


m  d 


(63) 


This  equation  indicates  that  the  superiority  of  the  loop  over  the  dipole 
increases  as  the  frequency  and  distance  from  the  end  of  the  cylinder  are 
decreased. 


C.  LABORATORY  MEASUREMENTS 

Although  the  coupling  measurements  discussed  in  Secs.  II-D  and  Il-E 
were  performed  using  dipole  type  antennas,  the  same  instrumentation  and 
the  same  techniques  may  be  used  to  study  the  noise  coupling  to  loop  an¬ 
tennas.  From  the  results  of  the  loop-coupling  measurements  it  is  possible 
to  calculate  the  open-circuit  voltage  generated  in  the  loop  by  a  given 
discharge  current.  Then,  using  Eq.  (54), 


y  ,  =  a, 

n  I  ( 


^0 


fl  I 


a^coy 


'  n  I 


the  signal  induced  in  the  loop  may  be  expressed 
field,  £,{,  generated  at  the  loop  location.  In 
dipole-ooupling  metaarements  were  used  together 


as  an  equivalent  noise 
Sec.  VI-C  the  results  of 
with  Eq.  (37)  to  determine 
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a  value  for  the  equivalent  noise  field,  generated  at  the  dipole  lo¬ 

cation.  Thus,  the  laboratory  measurefflents  using  loops  and  dipoles  yield 
a  value  for  which  can  be  compared  to  the  results  obtained  from 

Eq.  (62). 

Loop  and  dipole  noise-coupling  measurements  were  made  using  antennas 
mounted  at  several  positions  within  two  meters  of  the  nose  of  the  model 
sketched  in  the  upper  part  of  Fig.  55.  In  order  to  obtain  a  predicted 
noise-field  ratio  from  Eq.  (62)  for  comparison  with  the  results  of  the 
measurements,  therefore,  it  was  necessary  to  obtain  expressions  for  the 
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FIG.  55 

MODEL  USED  FOR  LOOP  AND  DIPOLE  COMPARISON  MEASUREMENTS 


form  of  the  noise  current  /(z)  and  the  charge  /'(z)  as  a  function  of 
position  on  the  forward  portion  of  the  model.  The  charge  per  unit  length 
®  particular  position  along  the  model  will  be  proportional  to 
the  capacitance  per  unit  of  the  model  at  that  position.  If  we  consider 
the  model  used  in  the  measurements  to  be  one-half  of  the  short  dipole 
illustrated  in  the  lower  part  of  Fig.  55  we  may  use  the  equation 


C(x) 


ne 

log  (2x/p) 


(64) 
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given  by  Schelkunoff^  for  the  capacitance  per  unit  length  of  a  abort  di¬ 
pole  to  determine  the  manner  in  which  the  capacitance  per  unit  length 
varies  near  the  nose  of  the  model.  From  the  lower  part  of  Fig.  55  we 
note  that 


and 


X  =  A  -  z 


OLz 

p  =  -  for  z  <  d 

d 


p  =  a  for  z  ^  d 


Substituting  these  results  into  Eq.  (64)  we  obtain 


f'(z) 


1 


log 


2{A  -  z)d 
az 


<  d 


(65) 


log 


2(A  -  z) 


for  z  >  d 


Equation  (65)  was  evaluated  and  plotted  for  A  =  S ,  d  -  1  and  fl  =  V6  in 
the  range  0  <  z  <  2.  The  form  of  the  noise  current,  /(z),  was  found  by 
graphical  integration  of  Eq.  (65). 

With  the  antennas  located  in  the  positions  shown  in  the  upper  part 
of  Fig.  56,  the  calculations  indicate  that  /(I. 69*)  =  0.39  and 
/'(1.69*)  =  0.271.  Substituting  these  values  into  Eq.  (62)  we  obtain  for 
a  frequency  of  2  Me, 


c«  le 


-24.3  db 
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f  <  2  Me 
(  <  6  Me 


f  >  2  Me 


The  results  of  the  coupling  measurements  conducted  at  this  frequency  with 
the  antennas  at  these  locations  indicated  that 

=  -28.7  db 

■  •  •  • 


which  is  in  reasonable  agreement  with  the  predicted  value. 

If  the  antennas  are  left  in  the  positions  shown  in  the  upper  part 
of  Fig.  56  and  the  frequency  raised  to  6  Me,  one  obtains  from  Eq.  (62) 


*  •  1  c 


-14.7  db 


which  is  in  good  agreement  with  the  measured  value 
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-16.6  db 
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Leaving  the  dipole  at  ita  original  position,  and  moving  the  loop 
forward  as  is  indicated  in  the  lower  part  of  Fig.  56  we  obtain 
/(0.57s)  =  0.105  and  /'(1.69s)  -  0.271,  which,  when  substituted  into 
Eq.  (62) I  yield  for  a  frequency  of  2  Me 


c*  le 


-35.6  db 


which  is  in  very  good  agreement  with  the  measured  value 


■.A  •  • 


-36.6  db 


An  experimental  investigation  was  made  to  determine  the  degree  of 
decoupling  which  may  be  achieved  in  practice  by  orienting  the  loop  for 
minimum  coupling  to  the  noise  currents  flowing  in  the  airplane  member  on 
which  the  loop  is  mounted.  With  the  loop  in  the  position  indicated  in 
the  upper  part  of  Fig.  56,  the  spark-gap  signal-source  probe  (see  Figs.  4 
and  5)  used  for  the  coupling  measurements  was  held  against  the  aft  end 
of  the  model  and  the  loop  was  rotated  for  minimum  response.  It  was  found 
that  the  spark-gap  signal  source  did  not  have  sufficient  strength  to  pro¬ 
duce  a  measurable  signal  in  the  receiver  when  the  loop  was  positioned  for 
minimum  coupling  For  this  reason,  the  spark  gap  was  replaced  by  a  2-Mc 
battery-operated  oscillator  which  was  mounted  inside  the  model  and  excited 
a  15^- inch- long  dipole  protruding  from  the  aft  end  of  the  model.  Using 
this  laboratory  set-up,  it  was  found  that  rotating  the  loop  so  that  its 
axis  was  parallel  to  the  a::is  of  the  model  reduced  the  coupling  to  the 
noise  currents  by  roughly  25  db.  Thus  a  properly  oriented  loop  antenna 
located  near  the  end  of  an  aircraft  member  can  be  almost  immune  to 
precipitation-static  interference,  provided  corona  discharges  do  not 
occur  from  the  end  in  question 
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A.  GENERAL 

The  success  with  which  it  was  possible  to  predict  the  characteristics 
of  the  precipitation-static  interference  generated  in  aircraft  antennas  in¬ 
dicated  that  the  mechanisms  by  which  the  noise  is  generated  and.  coupled  into 
the  receiving  systems  were  welL  understood.  It  was  felt,  therefore,  that 
the  same  theories  of  noise  generation  and  coupling  should  be  applied  to  the 
problem  of  eliminating  precipitation-static  interference. 

In  considering  methods  for  precipitation-static  elimination  it  is  ap¬ 
parent  immediately  that  the  problem  would  be  solved  if  some  means  could  be 
developed  to  prevent  the  aircraft  from  charging.  As  was  indicated  in 
Sec.  I-A,  however,  early  experiments  demonstrated  that  this  technique  could 
not  be  implemented  in  practice.  For  this  reason,  in  devising  techniques 
for  the  elimination  of  precipitation  static,  it  will  be  assumed  that  air¬ 
plane  charging  is  permitted  to  occur  at  its  normal  rate. 

Several  different  approaches  to  the  precipitation-static  noise  elimi¬ 
nation  problem  are  possible.  We  could  decide,  for  example,  that  the  noise- 
reduction  scheme  should  require  no  modification  of  the  receivers.  In  this 
case,  it  would  be  necessary  to  devise  ways  to  reduce  the  noise  current  in¬ 
duced  in  the  antenna  terminals.  From  Eq.  (6)  we  find  that  one  method  for 
reducing  the  noise  current  is  to  reduce  the  coupling  </'  between  the  antenna 
and  the  discharge-noise  source.  The  coupling  may  be  reduced  either  by 
using  specially  designed  receiving  antennas  or  by  causing  the  corona  dis¬ 
charges  to  occur  from  dischargers  designed  to  minimize  the  noise  coupling. 

It  is  also  evident  from  Eq.  (6)  that  the  noise  current  can  be  reduced  by 
reducing  the  source-spectrum  amplitude  D(o))  at  the  radio  frequencies. 

Since  a  corona  discharge  consists  of  a  series  of  short  current  pulses,  it 
generates  appreciable  RF  interference.  If,  for  example,  it  were  possible 
to  ionize  the  air  in  the  vicinity  of  the  aircraft,  the  same  current  could 
be  discharged  without  generating  RF  noise.  Finally,  we  might  decide  to  de¬ 
vise  schemes  to  operate  on  the  noise  signal  after  it  reaches  the  receiving 
systems.  Various  techniques  which  may  be  used  to  reduce  precipitation 
static  will  be  discussed  in  considerable  detail. 
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B.  DECOUPLED  ANTENNAS 


A  considerable  decrease  in  precipitation-static  equivalent  noise 
field  may  be  achieved  through  the  use  of  antennas  designed  to  be  decoupled 
from  the  noise  sources.  In  Secs.  VII-B  and  -C  it  was  demonstrated  that 
the  equivalent  noise  field  of  a  loop  antenna  could  be  reduced  by  mounting 
it  near  the  end  of  an  airplane  member  since  the  loop  tends  to  couple  to  the 
noise  currents  flowing  in  the  member,  and  since  these  currents  are  small 
near  the  end  of  the  member.  For  example,  moving  the  loop  fro'in  the  position 
shown  in  the  upper  part  of  Fig.  56  to  the  position  shown  in  the  lower  part 
of  the  figure,  the  measured  noise  field  was  reduced  by  8  db.  When  the  loop 
was  moved  out  to  the  nose  of  the  model  the  noise  field  was  found  to  be  25  db 
lower  than  at  the  original  position.  Thus,  a  good  position  for  a  loop 
antenna  is  at  the  end  of  any  member  from  which  discharges  do  not  occur  (such 
as  the  nose  of  the  fuselage). 

In  many  instances,  however,  it  is  not  possible  to  mount  a  loop  at  the 
very  .nose  of  the  aircraft.  One  may  in  this  case  mount  the  antenna  aft  of 
the  nose  in  a  position  such  as  that  shown  in  the  upper  part  of  Fig.  56, 
but  with  the  axis  of  the  loop  parallel  to  the  axis  of  the  member.  As  is 
indicated  in  Sec.  VII-C,  rotating  the  loop  in  this  manner  results  in  a 
decoupling  of  roughly  25  db.  It  should  be  noted  that  with  this  technique 
decoupling  occurs  only  if  the  direction  of  current  flow  in  the  airplane 
member  is  parallel  to  the  axis  of  the  loop.  Thus,  the  antenna  should  be 
mounted  sufficiently  near  the  end  of  the  member  that  the  direction  of 
current  flow  does  not  vary  with  the  position  of  the  noise  source.  For 
example,  if  the  loop  were  mounted  on  the  fuselage  near  its  junction  with 
the  wings,  the  direction  of  current  flow  generated  by  a  discharge  from 
the  left  wing  would  be  different  from  the  direction  of  the  current  gen¬ 
erated  by  a  discharge  from  the  right  wing.  In  this  case  it  would  be 
necessary  to  choose  a  compremise  setting  for  the  loop  such  that  a  certain 
amount  of  noise  from  one  or  both  of  the  wings  was  picked  up. 

A  problem  associated  with  the  use  of  a  loop  oriented  with  its  axis 
parallel  with  the  axis  of  the  fuselage  of  the  aircraft  is  that  a  null  in 
the  radiation  pattern  will  exist  in  the  fore  and  aft  direction.  This  ob¬ 
jection  may  be  overcome  by  using  two  loops  mounted  on  orthogonal  members 
of  the  aircraft  with  the  axis  of  each  loop  parallel  with  the  axis  of  the 
member  on  which  it  is  mounted  (one  loop  on  the  fuselage  and  one  loop  on 
a  wing,  for  example),  With  this  mounting  arrangement,  each  loop  is 
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decoupled  from  the  noiee  currents  on  its  airpltne  aember,  but  since  the 
the  two  loops  ere  mounted  at  right  angles  to  one  snother,  onniazimuthal 
psttern  coverage  is  achieved. 

Another  decoupling  scheme  which  requires  two  loops  but  which  does 
not  require  that  one  be  mounted  on  a  wing  may  be  used,  provided  a  normal 
loop  radiation  pattern  with  a  null  athwartship  of  the  aircraft  is  not  ob¬ 
jectionable.  In  this  case,  two  loops  should  be  mounted  at  the  same 
fuselage  station,  one  on  the  top  centerline  and  one  on  the  bottom  center- 
line  (for  example,  one  at  each  of  the  two  antenna  locations  shown  in  the 
upper  part  of  Fig.  56).  Each  loop  should  be  oriented  with  its  axis 
athwartship.  If  the  fuselage  is  symmetricsl,  the  magnitudes  of  the  desired 
signals  induced  in  each  of  the  two  antennas  will  be  equal,  as  will  the 
magnitudes  of  the  noise  signals.  The  loops  may  be  connected  to  the  re¬ 
ceiver  in  such  a  manner  that  the  noise  signals  cancel  and  the  desired 
received  signals  add.  This  decoupling  technique  was  not  investigated 
experimentally.  However,  experiments,  which  will  be  described  later, 
using  a  pair  of  dipole  antennas,  indicates  that  decoupling  of  the  order 
of  25  db  may  be  expected  if  care  is  taken  in  balancing  the  two  antennas. 

By  the  use  of  a  third  loop  it  is  possible  to  eliminate  the  null  ob¬ 
tained  in  the  radiation  pattern  when  both  antennas  are  mounted  on  the 
same  member  (such  as  the  fuselage)  in  the  scheme  described  above.  If  the 
third  loop  ia  mounted  on  the  same  member  with  its  axis  parallel  to  that  of 
the  member  this  loop  will  be  deco.upled  from  the  noise  currents  by  roughly 
25  db  so  that  its  addition  will  not  contribute  appreciably  more  noise  to 
the  system.  Its  radiation  pattern,  however,  will  fill  in  the  null  in 
pattern  of  the  original  pair  of  loops. 

Dipole  antennas  may  also  be  decoupled  from  precipitation  static 
interference.  For  example,  let  us  assume  that  a  dipole  antenna  is  mounted 
at  each  of  the  antenna  locations  shown  in  the  upper  part  of  Fig.  56.  If 
a  noise  current  is  induced  in  the  fuselage  by  a  discharge  from  an  extremity 
we  will  find  that  the  charge  density  resulting  from  this  noise  current 
will  in  general  be  the  same  at  the  lower  and  upper  antenna  location. 
Furthermore,  the  charge  variation  at  the  two  locations  will  be  in  phase. 
Thus,  equal,  in-phase  noise  currents  will  be  generated  in  the  two  antennas. 

A  vertically-polarized  signal,  on  the  other  hand,  will  induce  equal  signal 
currents  180  degrees  out  of  phase  in  the  two  antennas.  Thus,  if  the  outputs 
from  the  two  antennas  are  fed  to  a  balanced  i'nput  transformer  the  noise 
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currents  will  cancel  and  the  signal  currents  will  add.  The  radiation 
pattern  of  this  antenna  combination  is  omniazimuthal  to  vertically 
polarized  aignal  with  negligible  response  to  horizontally  polarized  signals. 

In  the  experimental  investigation  of  this  decoupling  technique,  balance 
of  the  two  antennas  was  achieved  by  variable  attenuators  and  a  line  stretcher 
in  the  lines  to  the  antennas.  It  was  found  that  it  was  possible  to  obtain 
at  least  25  db  of  decoupling  from  noise  generated  at  any  of  the  aircraft 
extremities.  For  these  tests  the  antennas  were  located  on  the  fuselage 
two-thirds  of  the  way  from  the  nose  to  the  leading  edge  of  the  wing. 

It  should  he  recognized  that  noise-canceling  schemes  using  either  loops 
or  dipoles  will  work  perfectly  only  if  the  aircraft  is  symmetrical  about  a 
horizontal  plane,  if  the  balanced  antennas  are  symmetrically  located  with 
respect  to  this  plane,  and  if  all  corona-noise  sources  lie  in  the  plane, 
of  symmetry.  In  this  case  an  adjustment  of  balance  which  results  in  mini- 
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mum  noise  from  a  source  at  one  extremity  will  be  optimum  also  for  discharges 
from  the  other  extremities.  In  actual  aircraft  these  conditions  are  only 
approximated.  Experiment  indicates,  however,  that  in  the  quasi-static 
frequency  range  a  balance  can  be  obtained  that  results  in  an  over-all  re¬ 
duction  of  noise  from  Sources  at  all  extremities  of  greater  than  25  db. 

C.  DECOUPLED  DISCHARGERS 

In  the  preceding  section  it  was  indicated  that  the  severity  of 
precipitation-static  interference  may  be  reduced  considerably  through  the 
use  of  several  receiving-antenna  designs.  It  will  be  of  interest  next  to 
consider  the  changes  that  can  be  made  in  the  aircraft  discharging  processes 
in  order  to  reduce  the  noise  they  generate  in  the  antennas. 

The  coupling  theorem  of  Eq.  (1)  indicates  that  the  noise  current  in¬ 
duced  in  an  antenna  is  maximized  when  the  discharge  characterized  by  the 
current  density  Jj  occurs  in  the  direction  of  the  reciprocal  field  E  in  the 
region  of  highest  reciprocal  field.  Since  the  dc  fields  are  maximum  at  the 
aircraft  extremities  the  corona  discharges  occur  there,  but,  from  Fig.  7, 
it  is  apparent  that  the  reciprocal  coupling  fields  are  also  maximum  at  the 
extremities.  If  we  consider  the  small  region  in  the  immediate  vicinity 
of  the  trailing  edge  as  is  illustrated  in  Fig.  57,  it  is  evident  that  the 
field  configuration,  either  RF  or  static,  is  determined  by  the  shape  of  the 
conductor  forming  the  boundary.  It  follows  from  this  observation  that  the 
discharge,  which  occurs  in  the  direction  of  the  maximum  dc  field,  also  lies 
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in  the  direction  of  the  maximum  coupling  field.  Thus,  perversely,  corona 
discharges  from  an  aircraft  occur  in  precisely  the  manner  necessary  to 
couple  the  greatest  noise  into  its  receiving  systems. 

Referring  again  to  Eq.  (1)  it  is  apparent  that  several  approaches  are 
possible  in  an  effort  to  modify  the  discharge  region  to  produce  minimum 
noise  in  the  receiving  systems.  One  could,  for  example,  endeavor  to  alter 
the  character  of  the  discharge  described  by  J2  in  an  effort  to  reduce  its 
RF  noise  content.  It  was  observed  in  Ref.  7  that  the  amplitude,  A  of 
corona-noise  pulses  decreases  with  decreasing  discharge  point  diameter. 

If  the  amplitude  of  the  pulses  is  decreased,  but  the  pulse  form  is  unaltered, 
the  number  of  pulses  per  second,  v,  necessary  to  discharge  a  given  current 
must  increase  in  such  a  manner  that  Av  remains  constant.  From  Eq.  (18)  or 
(19)  we  find  that  the  noise-current  spectral  density  generated  by  a 
series  of  corona  pulses  is  proportional  to  the  product  Av^.  Thus  we  can 
write 

“  m  '  •  - 

which,  upon  substituting  the  condition  A^v^  ■  AjVj,  becomes 


(66) 


which  indicates  that  the  noise  current  varies  as  the  square  root  of  the 
pulse  amplitude.  It  should  be  possible,  therefore,  to  achieve  some  noise 
reduction  by  reducing  dimensions  of  the  points  from  which  the  discharges 
occur. 

An  experiment  was  conducted  to  determine  the  amount  of  noise  reduction 
that  could  be  achieved  in  practice  through  the  reduction  of  discharge-point 
size.  Corona  discharges  were  induced  from  a  0> 020-inch-thick  trailing-edge 
mock-up  installed  in  the  set-up  of  Figs.  8  and  9,  and  noise  measurements 
were  made.  Next,  etched  tungsten  points,  were  attached  3/4<>inch  apart  along 
the  trailing  edge  of  the  mock-up  in  such  a  fashion  that  the  pin  points  pro¬ 
jected  l/4»inch  aft  of  the  trailing  edge.  The  pins  were  conically  tapered 
from  the  position  of  attachment  to  the  point,  which  had  a  radius  not  ex¬ 
ceeding  0.0005  inches.  When  high  voltage  was  applied  to  the  mock-up  it  was 
observed  that  all  of  the  discharges  occurred  from  the  pins.  For  a  given 
discharge  current  it  was  found  that  the  noise  was  reduced  by  a  factor  not 
exceeding  6  db  below  the  noise  obtained  with  the  unmodified  0.020-inch- 
thick  trailing  edge.  Thus,  only  relatively  insignificant  noise  reductions 
should  be  expected  to  result  from  the  installation  of  small -diameter  dis¬ 
charge  points  at  the  aircraft  extremities. 

Two  other  approaches  to  the  problem  of  noise  reduction  are  suggested 
by  Eq.  (1).  These  are  reducing  the  magnitude  of  E  in  the  discharge  region, 
and  forcing  the  discharge-current  density  J  to  lie  in  a  direction  orthog¬ 
onal  to  the  coupling  field.  Since  the  corona  discharge  characterized  by 
J  occurs  in  the  direction  of  the  maximum  dc  field,  the  foregoing  require¬ 
ment  implies  that  we  must  devise  a  way  of  securing  different  structures  for 
RF  and  dc  fields  in  order  that  £|,p  be  orthogonal  to  and  that  £|,p 

occur  at  E.  in  the  region  of  the  discharge.  One  way  of  accomplishing 
this  objective  is  illustrated  in  Fig.  58.  The  upper  part  of  the  figure 
shows  a  cross  section  of  the  trailing  edge  of  an  airfoil  surface  in  which 
the  rearmost  portion  is  electrically  isolated  from  the  remainder  of  the 
structure.  It  is  evident  that  there  are  two  lines  along  the  isolated 
conductor  on  which  the  field  is  zero,  and  a  considerable  region  over  which 
the  field  is  very  small.  If  the  isolated  conductor  is  connected  to  the 
airframe  by  a  sufficiently  high  resistance,  the  BF  coupling  field  will 
still  be  that  shown  in  the  upper  part  of  Fig.  58,  and  a  corona  discharge 
from  a  pin  located  on  the  line  of  zero  coupling  will  produce  no  noise  in 
the  antenna.  (The  requirement  on  the  resistance  is  that  it  be  much 
greater  than  the  capacitive  reactance  of  the  isolated  conductor  at  the 
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ILLUSTRATION  OF  FIELDS  ABOUT  FLUSH  DECOUPLED  DISCHARGER 
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frequency  of  interest— very  high  values  of  resistance  will  be  required 
at  low  frequencies.)  To  the  dc  field,  however,  the  conductor  willappear 
to  be  connected  to  the  airfoil,  giving  the  field  configuration  shown  in 
the  lower  part  of  Fig.  58.  The  dc  field  is  concentrated  at  the  position 
of  zero  coupling  by  the  discharge  pin  located  there,  causing  the  discharge 
to  occur  at  that  point.  Comparing  the  two  parts  of  the  figure  we  observe 
that  with  this  structure  £.  occurs  at  the  position  of  and,  in 

the  vicinity  of  the  discharge,  the  RF  and  static  fields  are  very  nearly 
orthogonal.  Thus,  this  discharger  design  fulfills  the  requirements  for 
minimum  noise  coupling.  Laboratory  tests  indicated  that  noise  reductions 
exceeding  35  db  were  possible  with  this  design.  A  practical  flush  dise 
charger  designed  in  this  manner  and  used  in  the  flight  tests  conducted  on 
the  Boeing  KC-13S  prototype  in  1957-58  is  shown  in  Fig.  59.**^^*^’ 

Although  tests  of  the  flush  dischargers  were  encouraging,  they  also 
pointed  out  several  drawbacks  of  this  discharger  type  and  prompted  the 
development  and  testing  of  other  types.  The  major  shortcoming  of  flush- 
mounted  dischargers  is  the  high  cost  of  retrofitting  them  to  existing 
aircraft.  Of  course,  if  the  discharger  design  were  considered  early  in 
the  development  program  of  a  new  aircraft,  its  cost  should  not  appreciably 
exceed  a  normal  section  of  trailing  edge.  Even  where  the  cost  of  flush 
dischargers  is  not  an  important  consideration,  however,  their  high  corona- 
threshold  potential  argues  against  their  use,  since  a  high  aircraft  potential 
would  be  required  to  discharge  a  given  current.  (Aircraft  potential  should 
be  maintained  at  the  lowest  possible  value  to  reduce  the  possibility  of  lion- 
decoupled  discharges  from  the  airframe  itself. )  For  example,  flight-test 
measurements  on  the  KC-135  prototype  indicated  that,  at  30,000  feet  altitude, 
the  trailing  edges  of  the  wings  reached  threshold  at  an  aircraft  potential 
of  80  kilovolts.  At  the  same  altitude  the  threshold  potential  of  the  flush 
dischargers  was  75  kv  while  the  threshold  potential  of  a  rod-shaped  ortho- 
decoupled  discharger  (discussed  next)  mounted  near  the  tip  of  a  wing  was 
only  8  kv. 

In  considering  ways  in  which  the  decoupled  discharger  can  be  modified 
to  overcome  the  objections  discussed  in  the  preceding 'paragraph  it  is  ap¬ 
parent  that  the  isolated  conductor  shown  in  the  upper  part  of  Fig.  58  need 
not  be  continuous  along  the  trailing  edge.  The  arguments  used  in  describing 
the  mechanisms  by  which  decoupling  is  achieved  in  the  flush  discharger  apply 
equally  well  if  we  consider  thedischarge  pins  in  the  lower  part  of  Fig.  58  to  be 
mounted  in  a  cone-shaped  conductor  attached  to  a  rod  of  high -resistance  material . 
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FIG.  59 

ortho-decoupled 


discharger 


These  rods  may  be  attached  at  suitable  intervals  along  the  trailing  edges 
of  the  airfoils.  It  is  evident  that  a  rod  protruding  aft  from  the  trailing 
edge  of  the  wing  will  tend  to  concentrate  the  static  fields  in  this  region, 
so  that  the  corona  threshold  of  a  discharger  of  this  type  should  be  much 
lower  than  that  of  the  trailing  edge  to  which  it  is  attached.  Thus  dis¬ 
chargers  of  this  type  may  be  expected  to  discharge  large  currents  before 
the  aircraft  potential  reaches  the  threshold  value  for  discharges  from 
the  airframe. 

The  initial  coat  of  fabricating  and  installing  a  set  of  rod-shaped 
decoupled  dischargers  on  an  aircraft  should  be  much  lower  than  the  cost 
of  a  flush  discharger  installation.  Furthermore,  depending  upon  the  de¬ 
sign  of  the  flush  discharger  installation,  the  maintenance  costs  of  the 
rod-shaped  dischargers  may  be  lower. 

The  final  design  developed  for  the  rod-shaped  dischargers — hereafter 
called  Type  A  ortho-decoupled  dischargers  —  is  illustrated  in  Fig.  60. 
Instead  of  mounting  the  discharging  pin  in  a  conductor  at  the  end  of  the 
high-resistance  rod  the  pin  was  mounted  directly  in  the  rod  itself  at  the 
position  of  minimum  coupling  near  the  end  of  the  rod.  The  magnitude  of 
the  coupling  as  a  function  of  position  along  the  rod  was  calculated  in 
Appendix  F  by  computing  the  radial  field  near  the  end  of  a  high-resistance 
rod  attached  to  a  conducting  sheet  immersed  in  an  RF  field.  The  results 
of  this  calculation,  shown  in  Fig.  61,  indicate  that  the  magnitude  of  the 
coupling  and  the  position  of  the  minimum  both  are  functions  of  frequency 
and  rod  resistance.  Thus,  since  a  discharger  is  not  a  single- frequency 
device,  it  was  necessary  to  compromise  somewhat  to  secure  the'  best  perfor¬ 
mance  over  a  wide  frequency  range.  It  is  evident  from  the  figure  that  if 
the  discharge  pin  is  located  at  the  position  of  the  coupling  minimum  for 
■y*  ■  0.4  (high  frequencies)  the  performance  of  the  discharger  at  low  fre¬ 
quencies  will  be  far  from  optimum.  If,  however,  the  pin  is  moved  in  from 
the  end  of  the  rod  to  the  position  of  the  minimum  for  ■  40,  the  high- 
frequency  performance  of  the  discharger  will  be  only  slightly  less  than 
optimum.  Hence,  insofar  as  discharger  decoupling  is  concerned,  it  is 
safest  to  err  by  positioning  the  discharge  pin  farther  than  necessary  from 
the  outboard  end  of  the  rod.  To  minimize  the  discharger  corona  threshold 
and  to  reduce  the  possibility  of  corona  discharges  from  the  end  of  the 
high-resistance  rod,  however,  the  pin  should  be  located  as  near  as  possible 
to  the  end  of  the  rod.  On  the  dischargers  used  in  the  flight  tests  the  t 
pins  were  located  at  *  0.166  to  ^  ■  0.125  (one  inch  from  the  end  of  a 
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rod  6  to  8  inches  in  length).  To  prevent  dischargee  froic  the  end  of  the 
rod,  the  aft  1/2  inch  of  the  rod  was  coated  with  a  dielectric  material 
applied  over  the  conductive  film  on  the  rod  as  as  shown  in  Fig.  60. 

Before  fabricating  a  large  number  of  dischargers  for  flight-test 
evaluation,  it  was  felt  that  it  would  be  desirable  to  verify  experimen¬ 
tally  the  position  of  coupling  minimum  along  the  discharger  rod.  This 
was  done  using  the  set-up  shown  in  Fig.  62.  The  discharger  rod  was  mounted 
on  the  trailing  edge  of  the  airfoil  mock-up  used  to  study  corona-noise 
characteristics.  One  might  now  install  a  discharge  pin  at  some  point 
along  the  rod,  and  using  the  instrumentation  shown  in  Fig.  8,  induce  a  dis¬ 
charge  from  the  pin  and  measure  the  noise  generated  in  the  set-up.  The  pin 
could  then  be  moved  to  a  different  position  and  the  measurement  repeated. 

A  variation  of  this  procedure  was  followed  in  the  laboratory  measure- 
mentsj  Instead  of  using  the  discharge  from  a  pin,  the  spark  probe  shown 
in  Fig.  5  moved  from  position  to  position  along  the  rod  served  as  the  noise 
source.  If  the  resistance  per  unit  length  of  the  high-resistance  rod  in 
the  probe  is  high  with  respect  to  that  of  the  discharger  rod,  the  probe 
will  not  alter  the  coupling  fields  within  the  mock-up.  Since  the  dimensions 
of  the  conductors  forming  the  spark  gap  are  comparable  to  the  dimensions  of 
the  discharge  pin  they  will  produce  roughly  the  same  field  distortion  as 
would  the  discharge  pin.  Thus,  the  point  at  which  the  noise  generated  by 
the  probe  is  minimum  corresponds  to  the  point  of  minimum  coupling  for  a 
discharge  from  a  pin.  The  spark  probe  offers  the  advantage  that  the  spark 
produces  much  more  noise  than  does  a  corona  discharge,  thereby  reducing 
sensitivity  requirements  on  the  instrumentation.  Furthermore,  the  spark 
is  much  easier  to  move  from  position  to  position  than  is  a  pin  inserted 
into  the  discharger  rod.  The  results  of  the  laboratory  measurements  in¬ 
dicated  that  the  optimum  discharger-pin  location  is  roughly  one  inch  from 
the  aft  end  of  the  rod  used  in  the  flight  tests,  in  agreement  with  the  re¬ 
sults  of  the  calculations  shown  in  Fig.  61. 

During  the  first  set  of  flush  discharger  tests  it  was  found  that 
noise  suddenly  appeared  in  the  receiving  systems  when  the  aircraft 
potential  exceeded  1.3  times  the  discharger  threshold  potential. 

This  occurred  when  the  current  leaving  via  the  wing  dischargers  exceeded 
50  fii.  It  was  hypothesized  that  the  noise-producing  discharges  were 
occurring  in  the  regions  of  vortex  formation  at  the  tips  of  the  airfoil 
surfaces.  The  greatly  reduced  local  pressures  existing  in  the  vortex 
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FIG.  62 

EXPERIMENTAL  DETERMINATION  OF  COUPLING  MINIMUM  POSITION 
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cores  could  lower  the  corona  threshold  of  points  having  relatively  large 
radii  to  values  nuch  below  those  predicted  on  the  basis  of  still-air 
measurements.  It  was  further  theorised  that  if  discharges  occurring  in 
the  vortex  regions  were  responsible  for  the  noise  observed,  the  noise 
could  be  eliminated  by  locating  decouplea  dischargers  in  this  region  to 
provide  a  source  of  ions  to  reduce  the  fields  at  the  airfoil  tips 
themselves. 

The  discharger  developed  for  this  purpose  (called  the  Type  B  ortho- 
decoupled  discharger)  is  illustrated  in  Fig.  63.  Except  for  mechanical 
design  it  is  identical  to  the  Type  A  discharger  in  that  it  consists  of  a 
tungsten  pin  located  at  the  point  of  minimum  coupling  along  a  band  of  re¬ 
sistive  material.  The  position  of  the  point  of  minimum  coupling  on  the 
Type  B  discharger  was  found  experimentally  using  the  set-up  of  Fig.'  62. 

The  effectiveness  of  the  Type  B  dischargers  was  demonstrated  on 
succeeding  flight  teats  when,  with  flush  dischargers  and  Type  B  dischargers 
installed,  it  was  possible  to  discharge  currents  of  130  A^a  from  the  wings 
without  generating  discernible  noise.  Unfortunately,  clear  weather  pre¬ 
vailed  during  this  series  of  tests,  and  it  was  not  possible  to  test  this 
discharger  combination  at  higher  charging  rates  to  determine  its  maximum 
discharging  capabi  lity. 

A  typical  installation  of  Type  A  and  Type  B  dischargers  on  the  wing 
of  an  aircraft  is  shown  in  Fig.  64.  The  measured  corona  thresholds  of 
the  various  dischargers  employed  in  the  KC-135  prototype  installation  are 
given  in  Table  V.  Recalling  that  the  threshold  potential  of  the  unmodsr- 
fied  wing  tip  at  30,000  foot  altitude  is  80  kv,  it  is  evident  that  the 
dischargers  should  discharge  large  currents  before  any  other  point  on  the 
aircraft  reaches  threshold. 

The  discharging  capability  of  an  installation  of  Typo  A  and  Type  B 
dischargers  was  demonstrated  during  the  KC-135  prototype  flight  testa  wheb 
currents  in  excess  of  3  ma  (see  the  discharger  currents  ^i***^^  1°  Tab^e  IV 
and  Fig.  40)  were  discharged  from  the  aircraft  without  generating  measure- 
able  interference  in  any  of  the  antennas.  It  is  interesting  to  consider 
the  implications  of  this  result  in  terms  of  the  effectiveness  of  the  dis¬ 
chargers  in  eliminating  noise.  From  the  upper  curve  of  Fig.  49  we  observe 
that  on  the  unmodified  aircraft  with  a  total  diacharge  current  of  250  [it 
the  equivalent  noise  field  at  the  tail-cap  antenna  at  a  frequency  of  500  kc 
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FIG.  63 

TYPE  B  ORTHO-DECOUPLED  DISCHARGER  MOUNTS  AT  RIGHT  ANGLES  TO  WINDSTREAM 
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FIG.  64 

LOCATIONS  OF  DISCHARGERS  ON  WING  OF  QANTAS  707  AIRCRAFT 


TABLE  V 

THRESHOLD  POTENTIALS  OF  TTPE-A  AND  TYPE-B  DISCHARGERS 
INSTALLED  ON  BOEING  367-80  AIRCRAFT 


DiaCHARGER  AND  LOCATION 

AIRCRAFT  POTENTIAL  FOR 
CORONA  THRESHOLD  AT 
lO.OOO-rOOT  ALTITUDE 
(kilsToIta) 

Type  A,  0  inches  fro*  wingtip 

7.8 

Type  A,  IS  inches  fro*  wingtip 

13 

Type  A,  AS  inches  trcm  wingtip 

IS 

Type  A,  7S  inches  fro*  wingtip 

li 

Type  B,  Aft 

38 

Type  B,  Forward 

S6 

1 


I 

I 
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is  1650  /XV  per  meter  in  s  1-kc  bandwidth.  If  the  current  is  increased  to 
3  ma  the  noise  field  fill  be  roughly 


•  S720/X  volt/meter. 

With  the  dischargers  installed,  however,  the  precipitation  static  noise 
was  so  low  that  it  was  masked  by  the  residual  noise  which  had  equivalent 
noise-field  strengths  of  the  order  of  20  microvolts  per  meter  per  kilo¬ 
cycle  bandwidth  even  in  clear  air.  Thus,  the  noise  reduction  afforded  by 
the  dischargers  as  determined  from  the  flight-test  data  was  at  least  SO  db. 
The  results  of  the  discharger  npise  decoupling  calculations  of  Appendix  F 
indicate  that  the  noise  reduction  at  a  frequency  of  500  kc  is  55.6  db. 

At  higher  frequencies  the  noise  reduction  is  even  higher. 

From  the  foregoing  discussion  it  is  evident  that  decoupled. dischargers 
provide  an  excellent  means  for  discharging  an  aircraft  without  generating 
interference  in  the  receiving. systems.  The  dischargers  do,  however,  have 
limitations  which  should  be  pointed  out.  As  was  indicated  in  Appendix  E 
and  in  Sec.  V-C-1,  to  increase  the  current  leaving  from  a  discharger  it  is 
necessary  to  increase  the  windapeed  or  the  airplane  potential.  Thus,  a 
discharger  can  handle  only  a  limited  current  before  the  airplane  potential 
exceeds  the  threshold  of  non-decoupled  points  on  the  airframe.  An  instal¬ 
lation,  therefore,  should  consist  of  sufficient  dischargers  to  handle  the 
maximum  normal  charging  currents  without  exceeding  this  threshold. 

On  jet  aircraft,  which  generally  have  no  projections  beyond  the  mold 
lines  of  the  aircraft,  the  number  of  dischargers  necessary  to  meet  the 
above  requirement  may  be  less  than  the  number  necessary  on  a  propeller- 
driven  aircraft,  even  assuming  that  the  total  charging  currents  to  the  jet 
airplane  are  higher.  On  jet  aircraft  the  regions  with  the  lowest  corona- 
threshold  potentials  are  the  airfoils,  and,  as  is  indicated  in  Fig.  43, 
the  space  charge  generated  by  current  leaving  from  the  dischargers  raises 
the  threshold  potentials  of  the  airfoils.  In  the  case  of  propeller-driven 
airplanes,  however,  there  are  regions  of  low  threshold  potential  (such  as 
propeller  tips  and  fixed  wire  antennas)  in  which  it  is  not  possible  to 
mount  decoupled  dischargers.  Thus,  in  these  regions  the  threshold 
potential  is  not  increased  by  the  space  charge  produced  by  current  from 
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the  dischargers.  Hence,  the  maximum  permissible  aircraft  potential  nay 
be  such  that  the  current  per  discharger  is  considerably  lower  than  it  is 
on  a  jet. 

r 

Unfortunately,  it  was  not  possible  to  investigate  this  problem 
further.  Corona  thresholds  of  propellers  cannot  be  estimated  with  any 
accuracy  from  laboratory  measurements  since  the  amount  of  pressure  reduc- 
<tion  resulting  from  vortex  formation  at  the  tips  is  not  known.  All  of  the 
flight  tests,  furthermore,  were  conducted  on  turbojet  aircraft.  From  an 
‘  inspection  of  typical  propeller  tips,  however,  it  appears  that  their 
threshold  potentials  can  be  expected  to  be  as  low  as  the  thresholds  of 
the  wing  tips,  particularly  in  the  case  of  aircraft  on  which  the  outboard 
engines  are  mounted  far  out  along-  the  wing. 

D.  BIASED  DECOUPLED  DISCHARGERS 

Although  the  decoupled  dischargers  discussed  in  the  previous  section 
will  discharge  an  aircraft  without  generating  noise  in  its  receiving  systems, 
the  airplane  potential  must  be  several  thousand  volts  before  discharging 
occurs.  For  certain  special  applications  such  as  the  study  of  atmospheric 
electric  fiedda  it  is  necessary  that  the  airplane  potential  be  nearly  zero. 
Furthermore,  the  device  used  to  maintain  the  aircraft  at  zero  potential 
should  not  generate  interference  in  the  receiving  systems.  The  biased  de¬ 
coupled  discharger  used  in  the  KC-135  prototype  flight-test  program  met 
these  requirements. 

The  discharger,  shown  in  Fig.  65,  consisted  of  a  36-inch  long  aluminum 
rod  of  elliptical  cross  section  mounted  on  glass  fiber  struts  aft  of  the 
tail  cone,  with  the  axis  of  the  rod  vertical,  and  with  the  major  axis  of 
the  ellipse  parallel  to  the  windstream.  Thus,  the  rod  is  equivalent  to  the 
isolated  conductor  an  the  upper  part  of  Fig.  58  and  there  is  a  line  of  mini¬ 
mum  coupling  along  the  minor  axis  of  the  ellipse.  Pins  protruding  at  right 
angles  to  the  airstream  were  inserted  into  the  rod  at  three-inch  intervals 
along  the  line  of  minimum  coupling,  and  the  discharging  element  was  connected 
to  a  O-to-60-kv  high-voltage  sppply  through  a  high  resistance  ko  that  the 
final  configuration  was  similar  to  that  of  the  decoupled  discharger 
illustrated  in  the  lower  part  of  Fig.  58. 

When  the  aircraft  becomes  charged  in  precipitation  a  region  of  high 
field  will  exist  at  the  diacharger,  tending  to  induce  negative-point  corona 
discharges  from  the  pins.  If  the  discharger  is  now  biased  negatively  with 
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FIG.  65 

TAIL-CONE  CHARGER  INSTALLED  ON  367-80  AIRCRAFT 
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respect  to  the  eircraft  the  fields  generated  by  the  applied  bias  will  in¬ 
crease  the  field  intensity  at  the  pins,  thereby  increasing  the  current 
they  discharge.  If  the  biaa  is  made  sufficiently  high  it  is  evident  that 
negative-point  corona  discharges  can  be  produced  at  the  discharge  even  when 
the  airplane  potential  is  zero.  Thus  it  possible  to  maintain  the  aircraft 
at  zero  potential  even  in  regions  of  charging.  There  is,  however,  an  upper 
limit  on  the  current  that  may  be  discharged  from  a  given  discharger,  as 
will  become  evident  from  the  following  argument. 

Let  us  assume  that  the  potential  of  the  aircraft  is  zero  and  that  the 
discharger  rod  Is  maintained  at  a  negative  potential  with  respect  to  the 
aircraft.  In  this  case  the  field  structure  in  the  vicinity  of  the  discharger 
is  that  illustrated  in  Fig.  66.  It  is  evident  from  the  figure  that  in  the 
absence  of  wind  there  would  be  no  net  charge  leaving  the  system.  Negative 
ions  produced  by  the  corona  discharges  from  the  pins  would  be  directed  back 
to  the  aircraft  by  the  field  existing  between  the  rod  and  the  airframe. 

Under  normal  flight  conditions,  the  wind  stream  overcomes  the  applied  elec¬ 
tric  field  and  carries  the  ions  away  so  that  ..there  is  charge  leaving  the 
system.  The  wind  may  be  considered  to  be  equivalent  to  an  electric  field 
directed  parallel  to  the  wind-stream  lines.  The  magnitude  of  the  wind 
field  is  given  by 


E  “  —  (67) 

'  k 

where  u  is  the  wind  velocity  and  It  is  the  ion  mobility.  Let  us  consider 
a  surface  through  the  points  where  the  applied  bias  field  is  parallel 
to  u  as  is  suggested  by  the  dotted  line  in  Fig.  66.  If  everywhere  on  this 
surface  the  magnitude  of  the  wind  field  E^  exceeds  the  magnitude  of  the 
applied  bias  field  E^,  then  all  of  the  current  discharged  from  the  points 
will  be  blown  away.  If  the  applied  bias . potential  is  so  high  that  the 
above .  condition  ..do.es  not  apply  over  the  entire  surface,  some  of  the  dis¬ 
charge  current  will  return  to  the  aircraft.  Thus,  the  limit  of  the  dis¬ 
charging  capability  of  a  biased  discharger  is  reached  when  the  bias  voltage 
is  raised  to  the  value  required  to  cause  current  recirculation. 

It  will  be  interesting  to  determine  if  the  design  of  the  biased  de¬ 
coupled  discharger  used  in  the  KC-135  flight  tests  was  such  that  current 
recirculation  could  have  occurred.  From  the  structure  sketched  in  Fig.  66 
it  is  evident  that  the  highest  electric- field  intensity  exists  along  the 
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FIG.  66 

STATIC  FIELDS  IN  VICINITY  OF  BIASED  DISCHARGER  ON  UNCHARGED  AIRCRAFT 

straight  line  joining  the  discharger  and  the  airframe.  Thus  if  exceeds 
the  minimum  along  this  line,  then  E^  >  E^  everywhere  on  the  surface  de¬ 
fined  above  and  there  will  be  no  recirculation  of  current.  Since  the  mini¬ 
mum  E^  along  the  line  joining  the  rod  and  the  airframe  is  lower  than  the 
average  value  of  field  along  this  line  we  will  be  safe  in  using  the  average 
field.  The  minimum  spacing  between  the  rod  and  the  airframe  was  0.381  meters, 
and  the  maximum  bias  voltage  employed  was  60  kv.  Thus  the  highest  average 
field  is 


•»» 


60 

0.381 


158  kv/meter 


(68) 


Since  the  mobility  increases  with  increasing  altitude,  the  lowest  wind 
field  for  a  given  airplane  speed  will  exist  at  the  maximum  altitude 
(30,000  feet  for  the  flights  with  the 'biased  discharger).  Taking  the 
mobility  at  30,000  feet  altitude  to  be  k  “  6.23  ^  10”*  meter/sec  per 
volt/roeter,  and  assuming  the  airspeed  to  be  u  ■  250  meters/sec,  we  find 
from  Eq.  (67)  that  the  wind  field  is 


E 


400  kv/meter 


Thu*  if  the  wind  apeed  at  the  location  of  the  diacharger  is  indeed 
250  Bietera/aec,  there  will  be  no  recirculation  of  current.  The  location 
of  the  biaaed  diacharger  on  the  flight-teat  aircraft,  however,  waa  such 
that  the  effective  wind  speed  in  its  vicinity  was  probably  considerably 
lower  than  the  airspeed  of  the  aircraft.  It  is  possible  therefore  that 
recirculation  was  on  the  verge  of  beginning  at  30,000  feet  altitude  with 
60  kv  bias. 

With  this  bias  potential,  currents  as  high  as  250  /xa  were  discharged 
while  maintaining  aero  aircraft  potential.  A  system  with  greater  dis¬ 
charging  capacity  nay  be  achieved  by  installing  additional  biased  rods  of 
the  same  type  at  various  points  on  the  aircraft,  such  as  the  wing  trailing 
edges,  where  the  ions  generated  by  discharges  from  the  pins  will  be  swept 
away  by  the  airatream. 

Another  use  to  which  the  biased  diacharger  may  be  put  is  charging  the 
aircraft  in  the  absence  of  precipitation  to  enable  experiments  requiring 
charge  on  the  aircraft  to  be  conducted  in  clear  air.  Let  us  assume  that 
we  wish  to  use  the  active  discharger  to  artificially  charge  the  aircraft 
to  a  negative  potential  Kg.  The  bias  supply  voltage  in  this  ca.se  is  de¬ 
termined  by  two  requirements: 

(1)  The  voltage  must  be  sufficient  to  reduce  the  field  at 
the  pins  to  zero. 

(2)  After  the  pin  field  is  zero,  it  must  be  possible  to 
apply  enough  additional  voltage  to  cause  positive- 
point  corona  discharges  to  occur  from  the  pins. 

The  voltage  required  to  accomplish  Item  1  may  be  determined  by  the 
following  considerations. 

If  the  discharger  element  is  isolated  from  the  airframe  as  is  indi¬ 
cated  in  Figj  67(a),  the  element  will  assume  a  potential  Kj  with  respect 
to  the  aircraftf  and,  as  is  indicated  in  the  figure,  the  field  at  the 
discharger  needles  which  are  located  along  the  line  of  symmetry  of  the 
ellipse  will  be  zero.  Thus  with  the  aircraft  at  potential  Kg  we  may  pro¬ 
vide  an  electrical  connection  to  the  element  and  still  maintain  zero  field 
at  the  pins,  provided  we  apply  a  voltage  K^  between  the  element  and  the 
airframe  as  is  shown  in  Fig.  67(b). 

The  additional  voltage  required  by  Item  2  may  be  found  by  the  follow¬ 
ing  reasoning.  We  know  that  if  the  discharging  element  is  connected  to 
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FIG.  67 

ILLUSTRATION  OF  POTENTIAL  REQUIRED  TO  PRODUCE 
ZERO  FIELD  AT  ACTIVE  DISCHARGER  PINS 


the  aircraft  and  placed  aft  of  the  trailing  edge  as  is  shown  in  Fig.  68(a), 
positive-point  corona  discharges  will  certainly  occur  from  the  needles  if 
the  aircraft  potential  is  raised  to  V^,  the  threshold  potential  of  the 
trailing  edge  alone.  The  field  shown  in  Fig.  68(a)  however,  may  be  con¬ 
sidered  to  be  the  sum  of  two  fields: 

( 

(1)  The  field  that  would  exist  about  the  trailing  edge  if  the 
aircraft  were  at  a  positive  potential  Yj.  and  the  element 
were  isolated  from  the  airframe  as  is  shown  in  Fig.  68(b). 

In  this  case  the  discharger  element  assumes  a  negative 
potential  Vj  with  respect  to  the  aircraft,  and  a  region  of 
zero  field  exists  at  the  pins. 

The  field  that  would  exist  about  the  trailing  edge  if  the 
aircraft  were  uncharged  and  a  potential  Kj,  positive  with 
respect  to  the  aircraft,  were  applied  to  the  discharger 
element  as  is  shown  in  Fig.  68(c). 

15t 


(2) 


(b) 


(e) 

FIG.  68 

THE  USE  OF  SUPERPOSITION  TO  OBTAIN  CORONA-INDUCING  VOLTAGE 

This  result  demonstrates  that  posi tive -point  corona  will  occur  from 
the  pins  if  first  the  discharger  element  potential  is  adjusted  to  produce 
zero  field  at  the  pins,  and  then  the  potential  is  raised  by  volts.  It 
is  apparent,  therefore,  that  to  produce  positive-point  corona  from  the 
discharger  when  the  aircraft  is  at  a  negative  potential  Pg  it  is  necessary 
only  to  apply  a  bias  of  Pj  +  Pj  volts  to  the  discharge  element,  since 
voltage  Pj  by  itself  reduces  the  field  at  the  pins  to  zero.  Furthermore, 
if  the  discharge  current  is  blown  away  by  the  windstream  and  no  charge  is 
removed  from  the  aircraft  by  other  processes,  the  voltage  (Pj  +  Pj)  is 
sufficient  to  charge  the  aircraft  to  the  potential  Pg. 
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Voltages  Kj  and  Kj  were  determined  using  modeling  and  charge¬ 
measuring  techniques  similar  to  those  described  in  Appendix  C.  To  deter¬ 
mine  Vj ,  a  model  of  the  aircraft  is  energized  to  some  potential  Vg.  The 
model  of  the  discharger  rod  is  placed  in  its  normal  position  relative  to 
the  aircraft  and  momentarily  connected  to  the  aircraft.  The  charge  that 
flows  from  the  model  to  the  rod  is  determined  by  the  capacitance  of  the 
rod  and  by  the  equipotential  surface  in  which  the  rod  lies;  hence  a  meas- 
sure  of  the  charge  acquired  by  the  rod  is  a  measure  of  the  potential  of 
the  equipotential  surface.*  If  we  call  the  potential,  so  determined, 

KJ  ,  then 


(69) 


The  voltage  is  determined  in  a  similar  manner  by  charging  the  air¬ 
plane  model  to  some  potential  KJ.  and  momentarily  connecting  the  discharger 
model  [see  Fig.  68(a)]  to  the  trailing  edge  of  some  surface  such  as  f^e 
wing  for  which  the  threshold  potential  Vj.  is  known.  If  the  potential  de¬ 
termined  from  the  laboratory  measurement  is  called  V'^,  then 
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Thus  the  bias  potential  required  to  charge  the  aircraft  to  a  potential 
Vo  is 


V 


bits 


Vj  +  V, 
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This  method  was  used  to  calculate  the  positive  bias  potential  required  to 
raise  the  aircraft  potential  sufficiently  to  produce  negative-point  corona 


Th*  rod  Boy  bo  colibrotod  ia  m  kaowa  fiold  oo  tbtt  the  potoatial  of  tbo  rod  aay  be  detoraiaed  directly. 
If  the  red  io  calibrated  ia  a  aaifora  field,  a  correctioa  ia  aaceaaary  to  taka  iato  aceooat  the 
capaeitaace  chaafa  raanltiaf  froa  the  chaafe  ia  field  atractura  ia  traaiforaias  froa  the  parallel  plate 
feoaetry  to  the  aiaf  or  tail  coae.  The  aagaitada  of  thia  corraetioa  ia  going  froa  a  plate  to  aa  ad(a 
vaa  oaly  20X.  Ia  foiaf  froa  a  plata  to  the  tail  coae  tha  correctioa  would  be  area  leaa.  Siaee  we  ware 
■eakiaf  oaly  approaiaata  ralnaa  of  bias  woltafs,  thia  corraetioa  waa  igaorsd. 


FIG.  69  f 

POSITIVE  BIAS  POTENTIAL  REQUIRED  ON  BIASED  DISCHARGER 
TO  PRODUCE  NEGATIVE-POINT  CORONA  AT  WING  TIP 

from  the  wing  tips.  The  results  of  the  calculation,  shown  in  Fig.  69, 
indicate  that  a  60-kv  supply  is  sufficient  to  maintain  aircraft  corona 
threshold  at  all  but  the  lowest  altitudes,  and  that  at  the  higher  alti¬ 
tudes  there  should  be  sufficient  excess  bias  potential  to  permit  appre¬ 
ciable  charging  currents. 

With  the  discharger  shown  in  Fig.  65  it  was  possible  to  charge  the 
aircraft  at  rates  as  high  as  200  using  a  bias  of  60  kv.  To  illustrate 
a  typical  value  of  Kp  which  can  be  obtained  with  a  reasonable  bias  voltage, 
at  14,000  feet  altitude  the  airplane  potential  could  be  raised  to  a  nega¬ 
tive  value  of  135  kv  with  a  positive  bias-supply  potential  of  50  kv. 

The  reader  should  not  be  misled  by  Figs.  67  and  68  into  thinking  that 
the  active  discharger  rod  was  connected  to  the  bias  supply  by  a  piece  of 
wire.  To  provide  decoupling  the  connection  was  made  as  is  indicated  in 
Fig,  66  by  a  distributed  resistance  of  2  megohms  extending  across  the 
IS-inch  gap  between  the  discharging  element  and  the  tail  cone. 

E.  WICK  DISCHARGERS 

Currently  the  standard  static  discharger  for  use  on  military  air¬ 
craft  is  the  AN/ASA-3.  It  consists  of  a  piece  of  graphite-impregnated 
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cotton  wicking  enclosed  in  a  plastic  tube  which  covers  all  but  the  aft 
inch  of  the  wicking.  The  wicks  are  attached  to  the  trailing  edges  of  air¬ 
foils  in  much  the  same  manner  as  are  the  Type-A  decoupled  dischargers  in 
Fig.  64.  Corona  discharges  occur  from  the  conducting  fibers  at  the  aft 
end  of  the  wick. 

Since  the  resistance  of  the  wick  is  extremely  high,  its  presence  does 
not  alter  the  RF  coupling  fields  about  the  airfoil  on  which  it  is  mounted. 
The  coupling  fields,  therefore,  will  have  the  configuration  shown  in  Fig.  57 
Since  the  discharge  occurs  in  the  region  roughly  8  to  10  inches  aft  of  the 
trailing  edge,  it  is  evident  from  Fig.  57  that  as  the  result  of  field  dim¬ 
inution  the  noise  coupling  at  the  position  of  the  discharge  is  lower  than 
it  is  at  the  trailing  edge.  Thus  the  wick  achieves  a  certain  degree  of 
noise  decoupling.  It  should  be  noted,  however,  that  no  effort  is  made  to 
arrange  for  the  discharge  to  occur  at  a  position  of  minimum  coupling  field 
nor  IS  the  discharge  current  orthogonal  to  t.ke  coupling  field. 

An  estimate  of  the  maximum  decoupling  obtainable  with  a  wick  may  be 
obtained  by  noting  that  the  RF  coupling  field  of  Fig.  57  is  given  by 


E(x) 


(72) 


where  x  is  distance  aft  of  the  trailing  edge  and  A  is  a  constant  related 
to  the  amplitude  of  the  applied  voltage.  The  decoupling  is  given  by 
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where  Fj  is  the  coupling  field  at  the  trailing  edge  and  Fj  coupling 

field  at  the  end  of  the  discharger.  Let  us  assume  that  the  shape  of  the 
trailing  edge  is  such  that  it  can  be  represented  by  the  shape  of  the  equi- 
potential  surface  passing  through  *  0.1  cm.  Since  the  discharger  is 
roughly  8  inches  long,  Xj  ”  20  cm.  Hence  from  Eq.  (73)  the  maximum  possible 
decoupling  is 

- 

Fj  V  20 

»  -30  db  . 
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As  in  the  case  of  a  discharge  from  a  sharp  pin,  a  given  current  discharged 
from  a  conductive  cotton  fiber  will  generate  less  noise  than  does  the  same 
current  discharged  from  the  trailing  edge.  If  we  assume  that  the  discharge 
from  the  fiber  is  6  to  10  db  less  noisy,  the  maximum  noise  reduction  ob¬ 
tainable  with  a  wick  should  be  of  the  order  of  36  to  40  db. 

Thus  it  appears  that  the  wick  is  capable  of  producing  a  considerable 
reduction  in  the  precipitation-static  noise  level  on  an  aircraft.  Unfor¬ 
tunately  the  wick  has  several  characteristics  which  render  it  less  effective 
than  the  above  figures  might  tend  to  indicate. 

One  important  drawback  is  that  wicks  disintegrate  very  rapidly  at  the 
speeds  of  turbojet  aircraft.  For  this  reason  they  have  not  been  installed  on 
jets.  Even  on  piston-engine  aircraft  the  characteristic-s  of  the  wicks  were 
found  to  deteriorate  relatively  rapidly. 

To  study  the  problem  of  wick  deterioration,  arrangements  were  made  with 
United  Air  Lines  to  remove  sets  of  wicks  from  their  DC-6  and  DC-7  aircraft 
after  they  had  been  in  service  on  these  aircraft  for  periods  ranging  from 
125  to  2000  flight  hours.  It  should  be  noted  in  this  regard  that  the  air¬ 
craft  from  which  the  wicks  were  removed  received  no  special  treatment.  The 
normal  wick  inspection,  trimming,  and  replacement  programs  were  followed 
on  them.  Hence,  the  sets  of  dischargers  used  in  the  laboratory  tests  were 
typical  of  the  dischargers  found  on  an  aircraft  a  given  number  of  hours 
after  a  new  set  has  been  installed.  For  example,  a  number  of  dischargers 
in  the  2000-hour  set  were  undoubtedly  replacements  that  had  not  been  on 
the  aircraft  for  the  full  period  of  time. 

The  first  characteristic  studied  was  the  corona  threshold.  Laboratory 
measurements  conducted  with  the  dischargers  mounted  on  the  wing  mock-up  in 
the  set-up  of  Figs.  8  and  9  indicated  that  the  threshold  potential  of  a  new 
wick  is  roughly  the  same  as  the  threshold  of  a  Type  A  decoupled  discharger. 
The  same  laboratory  set-up  was  used  to  measure  the  corona  thresholds  of  the 
used  dischargers.  It  is  evident  from  the  results  of  these  measurements 
shown  in  Fig.  70  that  the  corona  threshold  increased  very  rapidly  during 
the  first  few  hundred  hours  of  service,  until  after  400  hours  the  average 
threshold  was  four  times  that  of  a  new  wick.  Furthermore,  the  thresholds 
of  certain  dischargers  increased  by  a  factor  of  seven. 

In  the  same  experiment  measurements  were  made  of  the  potential  re¬ 
quired  to  discharge  a  current  of  100  /la  from  the  wick.  After  400  hours 
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FIG.  70 

ILLUSTRATION  OF  DETERIORATION  OF  WICK  CORONA  THRESHOLD 
WITH  SERVICE 

of  service  the  potential  required  for  the  average  wick  was  increased  by 
a  factor  of  two,  and  for  the  worst  wicks  by  a  factor  of  three. 

Again  using  the  set-up  of  Figs.  8  and  9,  measurements  were  made  of 
the  noise  generated  by  currents  ranging  from  10  to  100  /xa  discharging  from 
a  wick.  The  results  of  these  measurements  are  shown  in  Fig.  71  together 
with  a  curve  indicating  the  noise  generated  by  discharges  from  the  trailing- 
edge  mockeup.  The  noise  generated  by  current  discharged  from  the  wicks 
with  short  service  times  was  lower  than  the  residual  noise  level  of  the 
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SOME  RESULTS  OF  WICK-DISCHARGER  NOISE  MEASUREMENTS 


test  instruments  used,  so  that  it  was  not  possible  to  determine  the  noise 
reduction  afforded  by  a  good  wick.  It  can  be  stated,  however,  that  the 
noise  was  reduced  by  at  least  the  ratio  of  the  residual  noise  to  the  noise 
generated  by  100  discharged  from  the  trailing  edge,  or  33  db. 

After  a  few  hundred  hours  of  service  many  of  the  wicks  became  noisy. 

In  some  cases,  as  is  evident  from  the  data  points  in  Fig.  70,  discharges 
from  the  wicks  generated  almost  as  much  noise  as  would  the  same  current 
discharging  directly  from  the  trailing  edge.  Furthermore,  the  noisy  wicks 
included  some  which  had  only  375  hours  of  service. 


165 


Trinming  the  end  of  a  wick  to  expose  fresh  fibers  usually  improved 
its  characteristics,  but,  even  after  trimming,  used  wiicks  were  found  to  be 
inferior  to  new  ones.  In  the  case  of  badly  deteriorated  wicks,  trimming 
resulted  in  almost  no  improvement  in  performance. 

Perhaps  the  worst  feature  regarding  the  deterioration  of  wick  perfor¬ 
mance  characteristics  is  that  the  deterioration  is  not  apparent  from  a 
visual  inspection  of  the  wick.  Many  wicks  which  appeared  sound  physically 
Were  found  to  be  badly  deteriorated  electrically.  On  the  other  hand,  wicks 
which  appeared  to  be  completely  worn  out  with  most  of  the  conductive  material 
washed  out  of  the  exposed  fibers  often  functioned  better  than  the  majority 
of  the  others  in  their  set. 

F.  BIASED  ENGINE  EXHAUSTS 

The  mechanism  by  which  jet  engines  charge  an  aircraft  is  the  result 
of  diffusion  to  the  walls  of  the  combustion  chamber  of  free  electrons 
formed  during  combustion.  Being  highly  mobile,  electrons  diffuse  rapidly 
out  of  the  burning  gas,  while  the  less  mobile  positive  ions  diffuse  much 
more  slowly.  The  gases  ejected  in  the  exhaust  therefore  carry  a  slight 
positive  space  charge,  leaving  a  negative  charge  on  the  aircraft.  The 
possibility  presented  itself,  therefore,  of  utilizing  the  exhaust  gas  to 
discharge  the  aircraft  under  conditions  of  precipitation  charging  if  a 
means  could  be  devised  to  capture  positive  ions  from  the  exhaust  and  re¬ 
turn  them  to  the  aircraft.  By  reversing  the  polarity  of  the  ion-capturing 
device,  furthermore,  it  could  be  made  to  capture  electrons  or  negative  ions, 
thereby  providing  a  method  for  artificTally  charging  the  aircraft  during 
preci pi  tat ion -static  experiments . 

Ground  tests  designed  to  determine  the  magnitude  of  charging  or  dis¬ 
charging  current  obtainable  from  a  jet  engine  were  conducted  at  Boeing 
Airplane  Company  in  Seattle.  As  is  indicated  in  Sec.  IV-D  the  results  of 
these  tests  indicated  that  only  a  very  small  current  could  be  extracted 
from  the  exhaust  with  any  reasonable  ion-capturing  device  using  reasonable 
biasing  potentials.  For  this  reason  it  was  concluded  that  this  discharging 
scheme  was  not  practical  and  no  further  effort  was  devoted  to  its  investi¬ 
gation.  This  result  agrees  with  conclusions  reached  by  workers  at  Denver 
Research  Institute.* 


G.  INTERFERENCE  BLANKERS 


In  contrast  to  the  aforementioned  methods  of  precipitation-static 
reduction,  the  blanker  approach  attacks  the  problem  at  the  receiver  ter¬ 
minals.  Thus,  whereas  other  methods  attempt  to  reduce  the  noise  coupled 
into  the  antenna,  the  blanker  is  based  on  the  idea  that  the  signal-to- 
noise  ratio  can  be  appreciably  improved  by  the  electronic  methods  which 
will  presently  be  described. 

In  principle,  the  blanker  is  an  ideal  switch  which  is  placed  ahead 
of  the  receiver  so  as  to  completely  suppress  both  signal  and  noise  when¬ 
ever  a  noise  pulse  appears.  Thus,  when  a  noise  pulse  arrives,  it  triggers 
a  gate  which  in  turn  shorts  the  receiver  input  for  a  brief  period  of  time. 
This  blanking  period  must  of  course  be  of  sufficient  duration  that  a 
significant  portion  of  the  high-energy  pulse  will  be  suppressed. 

It  is  evident  that  as  the  length  of  the  blanking  period  is  increased 
the  signal  power  at  the  output  of  the  receiver  will  go  down.  Indeed,  not 
only  does  the  signal  power  decrease  but  the  noise  which  is  due  to  the 
blanker  switching  action  increases.  Thus  it  is  of  primary  importance  to 
make  the  blanking  period  as  short  as  possible.  It  follows  that  the  blanker 
must  be  located  ahead  of  any  filtering  in  the  system,  otherwise  the  noise 
pulses  would  be  very  much  extended  in  time  by  the  narrow-band  filters. 

The  switching  action  of  the  blanker  will  introduce  signal  power  at 
other  frequencies  The  power  at  these  other  frequencies  provides  no  infor¬ 
mation,  however,  so  that  it  is  considered  as  noise.  In  a  similar  way,  the 
requirement  that  no  filtering  be  done  ahead  of  the  blanker  opens  the  way 
for  more  noise  in  the  output  due  to  the  switching  modulation  of  outside 
carriers  near  the  carrier  of  interest.  It  is  important  to  note  that  some 
filtering  could  be  accomplished  before  the  blanker;  however,  the  Q  of  the 
circuits  must  be  so  low  that  very  little  benefit  is  realized  because  it  is 
the  carriers  near  the  signal  carrier  that  contribute  most  heavily. 

The  simplest  blanker  that  might  be  applied  to  noise  suppression  is  one 
of  fixed  period.  Thus,  when  a  noise  pulse  arrives,  if  the  receiver  is  not 
blanked,  a  blanking  period  of  length  t  is  initiated.  If,  on  the  other  hand, 
the  receiver  is  in  the  blanked  position  when  a  pulse  arrives,  it  has  no 
effect . 

Some  benefit  will  be  experienced  by  using  this  blanker;  however  it 
should  be  noted  that  if  the  pulses  are  numerous,  a  large  number  of  pulse 
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tails  will  still  pass  through  so  that  there  can  still  be  appreciable  noise 
power  from  the  remains  of  the  high-energy  pulses  in  the  output.  Ih  addi¬ 
tion,  there  will  also  be  the  noise  introduced  due  to  the  blanking  function. 

A  more  practical  and  efficient  blanker  is  one  which  provides  means  of 
extending  the  blanking  period  whenever  it  is  necessary.  We  assume  that 
once  a  blanking  period  is  initiated  by  a  pulse  it  will  last  for  a  time  t 
if  no  other  pulses  arrive.  Otherwise,  the  period  will  be  extended. 
Following  this  process  further,  it  is  apparent  that  the  blanking  period 
will  continue  until  two  pulses  are  separated  by  more  than  t  in  time.  Thus, 
every  pulse  creates  a  gate  of  length  t  after  it,  and  consequently  all  the 
tails  of  the  noise  pulses  will  be  eliminated. 

An  analysis  has  been  carried  out^^ for  the  ideal  blanker  described 
above,  followed  by  an  ideal  receiver.  It  is  argued  that  the  corona-noise 
pulses  are  governed  by  a  Poisson  distribution  function,  and  using  this,  the 
statistics  of  the  blanking-period  length  and  occurrence  are  derived. 

Knowing  this,  the  power  spectrum  at  the  output  of  the  receiver  is  obtained 
easily. 

Because  the  system  is  linear,  it  is  instructive  to  consider  a  simple 
input  to  the  system  which  consists  of  a  single  sine  wave.  It  is  apparent 
that  the  signal  and  noise  power  at  the  output  of  the  blanker  will  be  re¬ 
duced  to  a  fraction  of  the  power  contained  in  the  signal.  Note  that  we 
assume  all  power  in  the  noise  pulse  is  suppressed  by  the  blanker.  Thus, 
if  the  average  blanking  period  is  of  length  T  and  the  average  number 
occurring  per  second  ,is  v  then  the  total  power  out  for  a  unit  power  input 
is  obviously  (1  ~  vT)  ■ 

Now,  the  output-power  spectrum  of  the  blanker,  for  a  sine  wave  input 
consists  of -a  discrete  as  well  as  a  continuous  spectrum.  The  discrete 
part,  which  represents  signal  power,  is  reduced  to  a  power  of  (1  “  vT)^ . 

The  total  power  in  the  continuous  spectrum  is  therefore 

(1  -  vT)  “  (1  “  vf)*  ■  vT{l  -  vT)  ,  which  is  the  difference  between  the 

total  output  power  and  the  output  signal  power.  Of  course,  it  is  not  the 

(■ 

total  noise  power  that  is  of  interest  but  only  that  part  which  will  be 
passed  by  the  filters  of  the  receiver. 

When  a  typical  input  to  a  blanker  is  considered,  consisting  of  an 
amplitude-modulated  carrier  plus  a  number  of  outside  carriers,  it  is 
obvious  that  each  term  will  contribute  discrete  and  continuous  spectra 
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in  the  output  of  the  blanker.  The  band-pass  and  low-pass  filters  of  the 
receiver  will  eliminate  all  discrete  signals  with  the  exception  of  the 
modulation  of  interest.  Hcwever,  noise  contribution  from  every  term  will 
pasa  through  the  filters  and  contribute  to  the  output. 

There  is  no  question  that  a  blanker  can  provide  considerable  improve¬ 
ment  when  there  are  only  a  few  very-high-energy  pulses  to  contend  with. 
However,  in  the  application  to  precipitation-statiic  noise,  the  number  of 
pulses,  even  in  relatively  light  precipitation  conditions,  becomes  very 
high  while  corona  noise  pulses  are  lengthened  by  the  aircraft  resonances. 
Both  of  these  facts  contribute  toward  a  decreasing  effectiveness  of  the 
blanker. 

A  comparison  has  been  made  between  the  relative  performance  of  a 
blanker  and  decoupled  dischargers  as  means  of  reducing  corona  noise  inter¬ 
ference.  The  calculations  were  carried  out  for  a  Boeing  707  aircraft  under 
a  precipitation-static  condition  where  the  total  discharge  current  was  one 
milliampere.  The  decoupling  provided  by  the  dischargers  was  assumed  to  be 
50  db  while  the  blanker  was  assumed  to  be  an  ideal  blanker  of  the  type 
described  above.  Furthermore,  it  was  assumed  that  there  were  no  outside 
carriers  present.  In  this  favorable  light  the  blanker  was  nevertheless 
found  to  be  inferior  in  suppressing  noise  as  compared  to  the  decoupled 
dischargers.  Another  interesting  point  is  the  serious  effect  that  outside 
carriers  can  have.  For  example,  a  single  outside  carrier  in  the  frequency 
vicinity  of  the  carrier  of  interest,  which  has  an  amplitude  only  4.6  times 
that  of  the  wanted  carrier,  will  reduce  the  signal-to-noise  ratio  at  the 
output  by  a  factor  of  ten. 

Another  important  effect  of  using  a  blanker  is  the  serious  loss  of 
sensitivity  which  results  due  to  the  fact  that  no  tuning  can  be  accom¬ 
plished  at  the  antenna  terminals.  In  this  connection,  a  tuned  blanker  has 
been  proposed  which  theoretically  will  have  a  high  Q  input  until  a  noise 
pulse  arrives;  then  the  circuit  Q  is  drastically  reduced  so  as  to  prevent 
ringing.  After  the  energy  of  the  pulse  has  been  dissipated,  the  circuit 
is  again  opened  up.  The  difficulty  with  this  process  is  not  only  that  it 
takes  time  to  dissipate  the  energy,  but  more  important,  the  recovery  time 
of  the  tuned  circuit  is  very  long  so  that  effectively,  under  conditions  of 
precipitation  static,  the  blanker  will  virtually  never  be  in  an  unblanked 
state.  The  only  thing  the  tuned  blanker  might  accomplish  is  to  reduce  the 
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outaide  carrier  contribution  of  noiae.  At  the  aame  time,  however,  the 
aignal-to>noiae  ratio,  neglecting  outaide  carriera,  ia  worse  than  that 
for  the  untuned  blanker. 

Finally,  the  numerous  practical  limitations  which  must  be  met  in  a 
satisfactory  blanker  are  very  severe.  For  example,  in  presently  avail¬ 
able  designs,  a  minimum  blanking  period  of  six  microseconds  is  considered 
good.  With  blanking  periods  of  this  length  it  is  easy  to  calculate  that 
only  a  10-db  improvement  in  signal-to-noise  ratio  is  afforded  for  the 
case  of  1  ma  discharge. 


IX  CONCLUSIONS 


The  principal  objective  in  undertaking  the  research  described  in  the 
foregoing  chapters  was  to  develop  an  understanding  of  the  problem  of 
precipitation-static  noise  generation  and  coupling  which  would  eventually 
lead  to  the  development  of  techniques  for  the  elimination  of  this  type 
of  interference.  It  is  possible  to  say  in  conclusion  that  this  objective 
has  been  fulfilled. 

A  laboratory  technique  was  developed  to  measure  the  coupling  between 
an  aircraft  receiving  antenna  and  regions  on  the  aircraft,  such  as  the 
airfoil  extremities,  in  which  noise-producing  corona  discharges  normally 
occur.  The  measurements  are  made  by  using  a  special  spark-noise  source 
to  explore  the  regions  of  interest  on  a  model  of  the  aircraft.  Using  this 
technique,  coupling  measurements  were  made  for  the  two  antennas  employed 
in  the  precipitation-static  flight-test  program  conducted  on  the  Boeing 
KC-13S  prototype  aircraft  under  Contracts  AF  33(616)-3914  and  AF  33(616)-6561. 
From  the  results  of  these  measurements  it  is  evident  that  noise  coupling 
is  influenced  by  aircraft  resonances.  Another  interesting  result  of  the 
measurements  was  that,  contrary  to  what  one  might  conclude  at  first  thought, 
increasing  the  separation  between  the  antenna  and  the  noise  source  may  often 
increase  the  coupling  between  the  two,  thereby  increasing  the  noise  induced 
in  the  antenna. 

Since  negative-point  corona  discharges  are  the  major  source  of 
precipitation-static  interference,  the  characteristics  of  the  discharges 
and  the  noise  they  generate  were  studied.  Measurements  were  made  of  the 
noise  spectra  generated  by  discharges  from  airfoil  trailing  edges  and 
extremities.  It  was  found  that  the  noise-current  spectral  density  varies 
nearly  as  the  square  root  of  the  discharge  current.  The  character  of  the 
noise  spectrum  was  found  to  vary  with  altitude.  At  sea  level  the  spectrum 
is  virtually  flat  up  to  a  frequency  of  3  megacycles.  At  higher  altitudes 
the  magnitude  of  the  noise  is  greater,  but  the  spectrum  begins  to  fall  off 
at  successively  lower  frequencies. 
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In  considering  the  factors  which  influence  aircraft  charging  it  ap¬ 
peared  from  the  results  of  NACA  studies  that  the  frontal  area  on  which 
particle  impingement  and  charging  occur  should  be  much  smaller  than  the 
projected  frontal  area  of  the  aircraft.  Furthermore,  the  results  indicated 
that  the  effective  area  should  vary  with  airspeed  and  precipitation  char¬ 
acteristics.  It  is  apparent  that  aerodynamic  effects  of  this  sort,  if  not 
understood,  could  cause  considerable  confusion  in  the  interpretation  of 
the  results  of  precipitation-static  flight  tests.  To  investigate  these 
aerodynamic  effects,  a  technique  was  developed  whereby  flight-test  measure¬ 
ments  of  intrinsic  charging  rate  and  aircraft  potential  could  be  used  to 
determine  the  true  total  aircraft-chairging  current.  .When  the  method  was 
applied  to  flight-test  data  obtained  on  the  KC-135  prototype  aircraft  whose 
projected  frontal  area  is  roughly  400  square  feet,  it  was  found  that  the 
effective  frontal  area  varied  from  10  to  150  square  feet,  depending  on 
flight  conditions. 

The  manner  in  which  corona  discharges  distribute  themselves  on  an 
aircraft  is  important  in  the  study  of  noise  generation  and  in  the  design 
of  dischargers.  For  this  reason,  the  problem  of  space-charge-limited 
discharges  from  the  edges  of  sheets  and  the  ends  of  cylinders  in  the  pres¬ 
ence  of  wind  streams  was  investigated  theoretically.  The  theoretical 
results  were  employed  to  devise  experimental  techniques  which  permitted 
the  distribution  to  be  estimated  from  the  results  of  measurements  made  on 
models  in  the  laboratory.  Very  good  agreement  was  obtained  when  the  pre¬ 
dicted  results  were  compared  with  flight-test  data 

By  combining  the  results  of  the  studies  of  coupling,  corona-noise 
characteristics,  total  charging  rates,  and  discharge  distribution,  it  was 
possible  to  predict  the  antenna  noise  currents  that  should  exist  during 
flight  through  precipitation.  Excellent  agreement  was  obtained- between 
these  predictions  and  noise  measured  in  flight.  The  concept  of  equivalent 
noise  field  was  employed  to  render  the  noise  data  applicable  to  any  dipole 
antenna  located  at  one  of  the  positions  studied.  A  theoretical  study  was 
made  of  the  manner  in  which  precipitation-static  noise  fields  vary  with 
aircraft  size.  It  was  concluded  that  susceptibility  to  precipitation- 
static  interference  increases  rapidly  as  aircraft  size  diminishes. 

A  comparison  was  made  of  loop  and  dipole  antennas  in  regard  to  their 
relative  vulnerability  to  precipitaiion-static  interference.  It  was  dem¬ 
onstrated  that,  particularly  at  the  low  frequencies,  a  properly  located 


172 


and  properly  oriented  loop  is  far  less  susceptible  to  precipitation- static 
interference  than  is  a  dipole  antenna.  This  result  offers  an  explanation 
for  the  often  observed  superiority  of  loops  over  dipoles  for  low-frequency 
reception. 

Finally,  the  results  of  the  studies  were  applied  to  the  problem  of 
devising  and  analyzing  techniques  for  the  elimination  of  precipitation- 
static  interference.  It  was  shown  that  25  db  of  noise  reduction  may  he 
achieved  through  the  use  of  decoupled  loops  or  decoupled  dipole  antennas. 

Theoretical  analysis  of  a  simple  decoupled  discharger  designed  to 
permit  inexpensive  installation  on  existing  aircraft  indicated  that  it 
should  provide  a  noise  reduction  of  the  order  of  56  db  at  a  frequency  of 
500  kc.  The  analysis  indicated  that  the  noise  reduction  increases  roughly 
20  db  per  decade  with  increasing  frequency.  The  results  of  flight  tests 
in  which  currents  in  excess  of  3  ma  were  discharged  from  the  aircraft 
without  generating  detectable  noise  indicate  that  the  noise  reduction 
obtained  with  these  dischargers  was  greater  than  50  db. 

A  biased  decoupled  discharger  was  developed  for  special  applications 
in  which  it  is  necessary  to  maintain  the  aircraft  at  zero  potential.  By 
changing  the  bias-supply  polarity  this  device  may  be  used  to  artificially 
charge  the  aircraft  for  precipitation-static  experiments.  When  the  de¬ 
coupled  discharger  was  flight  tested,  it  was  found  that  currents  of  roughly 
250  microamperes  could  be  discharged  while  maintaining  zero  aircraft  po¬ 
tential.  When  the  device  was  used  as  an  artificial  charger  it  charged 
the  aircraft  at  rates  of  roughly  200  microamperes.  No  noise  was  detected 
in  the  receiving  systems  when  the  biased  discharger  was  in  operation. 

Analysis  of  the  AN/ASA-3  'vick  discharger  indicated  that  it  should 
reduce  noise  by  36  to  40  db.  Laboratory  tests  of  dischargers  removed 
from  operational  aircraft,  however,  indicated  that  the  characteristics 
of  wick  dischargers  degenerate  very  rapidly  during  the  first  few  hundred 
hours  of  flight.  The  average  threshold  potential  increases  by  a  factor 
of  four,  and  many  of  the  wicks  become  noisy.  In  fact,  currents  discharged 
from  some  of  the  wicks  generated  almost  as  much  noise  as  they  would  if  discharged 
directly  from  the  airframe.  It  was  found,  furthermore,  that  it  was  not 
possible  to  detect  the  defective  dischargers  by  a  visual  inspection. 
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A  brief  discussion  is  included  on  the  use  of  interference  “blankers"' 
devices  which  disable  the  receiver  for  the  duration  of  a  noise  pulse— to 
eliminate  precipitation-static  interference  at  the  receiver.  Several 
limitations  of  this  technique  are  pointed  out. 
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APPENDIX  A 


DERIYATION  OF  COUPLING  THEOREM 


Let  us  consider  a  conducting  body  of  arbitrary  shape  as  shown  in 
Fig.  1  (Sec.  II).  Two  regions  of  particular  interest  are  indicated.  The 
first  of  these,  T^,  represents  a  volume  which  has  been  removed  from  the 
original  conducting  body  to  form  the  antenna  terminals.  The  second  re¬ 
gion,  Tj >  external  to  the  body  and  is  defined  by  the  volume  in  which 
charge  moves. 

We  now  postulate  two  independent  situations  characterized  by  inde¬ 
pendent  solutions  to  the  field  equations.  The  field  quantities  which 
correspond  to  the  two  situations  will  be  designated  by  subscripts  1  and 
2.  For  each  of  the  situations  indicated  it  is  possible  to  write  Maxwell’s 
curl  equations  relating  the  field  quantities  E,  H,  and  J.  These  equations, 
in  their  Fourier  transformed  form,  are  shown  below: 

V  X  E  s  -jco/M  ,  (A-1) 

V  X  H  =  jc^E  +  J  .  (A-2) 

We  now  form  the  vector  quantity 

E,  X  Hj  -  Ej  X  Hj 

to  which  we  apply  Gauss’s  divergence  theorem: 

^  (El  X  -Ej  X  Hj)  •  cis  =  j  V  ‘  (El  X  Bjj  -Ej  X  ei)dv  (A-3) 

By  applying  the  vector  identity 

V-AxB=B-VxA-A-VxB 
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to  the  right  aide  of  Eq.  (A-3)  and  substituting  from  Eqs.  (A-l)  and  (A''2) 
several  terms  on  the  right  are  observed  to  cancel,  and  Eq.  (A-3)  becomes 

^  (El  X  Hj  -  Ej  X  e,)  •  -  /  (E,  •  Ji  -  El  •  Jjldv  .  (A-4) 

The  volume  included  in  the  volume  integral  on  the  right  is  bounded 
by  the  surface  of  the  surface  integral  on  the  left.  For  the  situatioa 
under  consideration  the  volume  with  which  we  are  concerned  is  all  space 
external  to  the  conductors  of  Fig.  1,  including  the  regions  Ti  and  Tj ■ 

The  surface  is  therefore  the  surface  of  the  conductors  and  the  surface  at 
infinity. 

The  radiation  condition  of  Sommerfeld  insures  that  the  contribution 
to  the  surface  integral  over  the  surface  at  infinity  vanishes.^  The 
boundary  conditions  at  the  surface  of  a  perfect  conductor  guarantee  that 
any  vector  E  x  H  lies  in  a  plane  tangent  to  the  surface,  whereas  the  ele¬ 
ment  vector  dS  is  normal  to  the  surface.  The  vectors  E  X  H  and  dS  are 
therefore  orthogonal  and  the  surface  integral  is  identically  zero  Equa¬ 
tion  (A-4)  can  thus  be  written  as 

/  Ej  •  Jidv  =  I  El  •  Jjdv  (A-5) 

where  we  are  free  to  specify  what  conditions  shall  apply  in  Situations  1 
and  2  (described  below),  provided  only  that  the  conditions  that  are  speci 
fied  are  consistent  with  Vjxwell’s  equations.  The  conditions  obtaining 
in  Situations  1  and  2  are  as  follows: 

Situation  1:  A  voltage  is  applied  to  the  antenna 
terminals,  the  current  density  has  a  finite  value 
in  region  Ti  and  is  zero  elsewhere.  The  integrand  of 
the  integral  on  the  left  side  of  Eq.  (A-5)  is  there¬ 
fore  non-zero  only  in  region  . 

Situation  2:  Motion  of  charge  Jg  occurs  in  region  Tg , 
and  therefore  the  integrand  of  the  right  side  of 
Eq.  (A-5)  is  non-zero  only  in  region  Tg. 

As  a  result  of  the  specified  conditions,  Eq.  (A-5)  becomes 
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We  now  define  the  integral  on  the  left  of  Eq.  (A  6)  as  the  product 
and  rearrange  the  equation  into  the  form 


y 


2 


(A-7) 


Equation  (A-7)  is  one  form  of  the  basic  coupling  theorem  in  which  we  are 
interested.  A  more  convenient  form  is  obtained  by  dividing  both  sides  of 
the  equation  by  the  antenna  terminal  impedance  •  The  left  side  of 
Eq.  (A-7)  then  becomes  open-circuit  voltage  produced 

at  the  antenna  terminals  by  the  discharge  divided  by  the  impedance  seen 
looking  into  these  terminals.  According  to  Thevenin’s  theorem  the  quan¬ 
tity  thus  obtained  is  the  short-circuit  current  produced  at  the  terminals 
by  the  discharge.  We  shall  label  this  current  Jj •  It  is  quite  evident 
that  the  product  which  occurs  in  the  denominator  of  the  right  side 

is  the  voltage  .  Equation  (A-7)  can  therefore  be  written 


T2 


(A-8) 
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APPENDIX  B 


POWER  SPECTRUM  FOR  SIGNAL  OF  RANDOM  PULSES 


Let  us  assume  we  have  a  signal  which  extends  for  the  interval  -T  <  t  <T 
and  is  zero  outside  this  range.  The  signal  is  assumed  to  consist  of  2^+1 
pulses  occurring  at  random  times  at  the  average  rate  of  V  pulses  per  second. 
Thus  the  signal  may  be  written  as 


I(t) 


2  fit  -  t^) 
k=-M 


where 


=  0 


t  <  t 


=  A^e 


t  >  t, 


The  Fourier  transform  of  the  signal  is  obtained 

lico)  =  j"  Iit)e-i‘^‘dt 
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Then,  the  power  spectrum  which  is  defined  as 
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is  found  to  be 
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since  the  times  are  assumed  random.  It  follows,  that  if  and 
are  all  identical  we  obtain 


V  4* 

G(o))  - - 

"  +  a* 

Next,  let  us  assume  that  the  amplitudes  and  the  decay  constants 
are  independent  random  variables. 

Let 


where  (X  is  the  average  value  and  8^^  is  a  random  variable  such  that  at 
maximum  it  is  small  compared  to  OL  and  =  0. 

Then  the  power  spectrum  is 
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Since  8^^  «  (X  and  recalling  that  4^  and  (Xj^  are  assumed  to  be  inde¬ 
pendent,  we  find 


Or, 
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ind  since  8  =  0 
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Thus  a  good  approximation  is  obtained  by  simply  keeping  the  first 
term  —  that  is. 


V  4* 

^  CO*  +  a* 

IM 


G(co) 


Consider  for  example  that  8^  is  equally  probable  in  a  20%  range  of  a, 
i.e.,  -  a/10  <  8j  <  O/IO.  Then  at  high  frequencies  co  »  a  there  is  neg¬ 
ligible  error  using  above  expression.  At  mid  frequencies,  oj  =  a,  the 
error  is  approximately  «%  while  at  low  frequencies  o)  «  a  the  error  is 
at  worst  approximately  3%. 
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LABORATORY  TECHNIQUES  FQR  THE  S1TJDY 
OF  STATIC  ELECTRIC  FIELDS 


In  connection  with  precipitation-static  investigations  it  has  been 
necessary  to  study  and  duplicate  in  the  laboratory  the  static  electric 
fields  surrounding  various  regions  of  interest  on  aircraft.  Several  in¬ 
teresting  laboratory  techniques  to  accomplish  these  objectives  have  been 
developed  and  are- sufficiently  useful  to  merit  description. 

Common  to  the  various  methods  is  the  charge-separation  technique  for 
measuring  static  fields  which  was  developed  by  Bolljahn  in  connection  with 
low-frequency  antenna  studies.^  Its  operation  is  illustrated  in  Fig.  C-1. 


FIG.  C-1 

ILLUSTRATION  OF  CHARGE  SEPARATION 

If  a  small,  uncharged  probe  is  placed  in  the  field  near  the  surface  of  a 
conducting  sheet  the  field  will  assume  the  form  shown  in  Fig.  C-l(a)  where 
it  is  evident  that  a  potential  difference  exists  between  the  probe  and  the 
conductor.  When  the  probe  is  placed  in  contact  with  the  conductor  &-s  in 
Fig.  C-l(b),  therefore,  charge  will  flow  onto  the  probe.  If  the  probe  is 
now  removed  from  the  conductor  as  in  Fig.  C-l(c),  the  probe  is  left  with 
an  excess  of  charge,  q The  amount  of  this  charge  is  proportional  to  the 
field  strength  at  the  surface  of  the  sheet,  E,  and  to  the  induction  area 
of  the  probe,  a; 

g,  =  €gEa  .  ‘  (C-1) 
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The  charge  acquired  by  the  probe  ia  neaaured  uaing  the  electrometer 
ahown  in  block  form  in  Fig.  C-2.  To  make  a  meaaurement  the  charged  probe 
ia  touched  to  the  inaide  of  the  charge  receptacle  causing  the  charge  to 
floe  from  the  probe  to  the  outaide  of  the  receptacle.  Part  of  this  charge 
flows  through  the  resistor  R  charging  the  motor-driven  variable  capacitor 
Cj.  The  periodic  variationa  in  capacitance  of  Cj  generate  an  alternating 
voltage,  the  amplitude  of  which  is  proportional  to  the  charge  on  Cj ,  which 
in  turn  is  proportional  to  the  charge  deposited  in  the  charge  receptacle. 
This  alternating  voltage  is  fed  to  an  amplifier  and  thence  to  a  detector 
which  drives  a  meter  calibrated  in  units  of  charge. 


CHAROe  RECEPTACLE 

^"faraoay  ice  pail“ 


With  the  particular  electrometer  used  for  the  measurements  it  was 
possible  to  read  charges  as  low  as  1  ^j/zcoulomb  with  no  difficulty.  For 
the  purposes  of  the  measurements,  the  instrument  could  be  considered  to 
retain  its  charge  indefinitely  since  the  decay  time  is  determined  by  the 
background  radiation  level.  Readings  can  be  taken  many  minutes  after  the 
charge  is  deposited. 

Returning  to  Eq.  (C-l),  it  is  evident  that  the  charge,  g^,  acquired 
by  the  probe  i^n  a  field  of  given  intensity  will  depend  upon  the  induction 
area  of  the  probe.  If,  as  in  Fig.  C-3(a),  the  probe  is  thin,  the  induc¬ 
tion  area  will  equal  the  cross-sectional  area  of  the  probe.  However,  if 
as  in  Fig.  C-3(b)  the  probe  has  appreciable  height,  its  induction  area 
will  be  greater  than  its  cross-sectional  area.  To  measure  absolute  values 
of  field,  therefore,  it  is  necessary  that  a  method  be  available  for 
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FIG.  C-3  I 

ILLUSTRATION  OF  EFFECT  OF  PROBE  HEIGHT  ON  CHARGE  TRANSFER 
IN  UNIFORM  FIELD 

calibrating  the  probe.  This  may  be  done  by  measuring  the  charge  acquired 
by  the  probe  in  a  field  of  known  magnitude  such  as  that  between  a  pair  of 
parallel  conducting  plates.  It  should  be  noted  that  it  is  not  actually 
necessary  to  know  the  absolute  value  of  the  charge  on  the  probe  so  long 
as  the  quantity  measured  is  proportional  to  the  charge.  Thus,  we  require 
only  that  the  deflection,  d,  of  the  measuring  instrument  be  related  to 
the  probe  charge  by 


d  -  aq^ 


(C-2) 


where  tt  =  constant.  We  may  write 


E  ^ 

E  ‘  q  (C-3) 

T. 


where 


E  -  unknown  field 

q  =  charge  acquired  by  probe  in  unknown  field 
=  standard  calibrating  field 

=  charge  acquired  by  probe  in  calibrating  field. 
Equation  (C-3)  may  be  rewritten 


E 

E  =  — i  ag 

ag. 

which,  upon  substituting  Eq.  (C-2),  becomes 


E 


in 


(C-4) 


Thus,  to  calibrate  the  probe  to  perform  surface* field  neaaurements  it  is 
necesaary  only  to  know  the  relatione  E between  the  calibrating  field 
and  the  deflection  produced  by  the  charge  acquired  by  the  probe  in  that 
calibrating  field. 

Strictly  apeaking,  the  concept  of  an  induction  area  for  the  probe  is 
meaningful  only  in  n  region  where  the  field  is  uniform  over  the  dimensions 
of  the  probe.  Thus,  unless  special  precautions  are  taken,  field  measure¬ 
ments  should  be  made  only  on  surfaces  such  that  the  radius  of  curvature  is 

substantially  larger  than  the  greatest  dimension  of  the  probe.  If,  for 
example,  as  in  Fig.  C-4  the  field  at  the  surface  of  a  cylinder  were  to  be 
measured  using  two  probes  calibrated  in  a  uniform  field,  the  value  obtained 
using  the  small  probe  would  be  very  nearly  correct,  but  the  value  obtained 

using  the  large  probe  would  be  low. 

UNIFORM  FIELD  PROBE 
CALIBRATION  CAN  BE  USED 
WITH  LITTLE  ERROR 


USE  OF  UNIFORM  FIELD  PROBE 
CALIBRATION  WILL  INTRODUCE 
CONSIDERABLE  ERROR 


field  varies  over 

DISTANCE  OCCUPIED 
BY  PROBE 


FIG.  C-4 

PROBE  IN  NON-UNIFORM  FiaD 


Occasionally  it  is  necessary  to  make  field  measurements  on  an  object 
such  that  the  probe  dimensions  cannot  be  made  smaller  than  the  radius  of 
curvature  of  the  surface.  (This  was  true  of  the  laboratory  measurements 
made  to  study  discharge-current  distribution  as  described  in  Sec.  V-C,  in 
which  it  was  necessary  to  measure  the  field  at  the  surface  of  small-diameter 
rods.)  In  this  case  it  is  possible  to  calibrate  the  probe  in  a  standard 
geometry  for  which  the  fields  can  be  calculated  and  in  which  the  field 
structure  duplicates  that  existing  in  the  region  where  measurements  are  to 
be  wade.  For  example,  the  large  probe  of  Fig.  C-3  may  be  used  to  measure 
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the  absolute  magnitude  of  the  field  at  the  surface  of  the  cylinder  if  it 
is  calibrated  on  a  cylinder  of  the  same  diameter.  This  may  be  done  in  a 
structure  consisting  of  two  concentric  cylinders  in  which  the  magnitude 
of  the  surface  field  on  the  inner  conductor  is  readily  calculated. 

The  precipitation-static  problem  in  connection  with  which  these  field¬ 
measuring  techniques  were  first  used  is  that  of  determining  the  relationship 
between  the  aircraft  potential  and  the  electric  field  at  a  field-meter  lo¬ 
cation.  This  information  was  necessary  to  permit  the  calculation  of  the 
total  aircraft  charging  current  in  Sec.  IV-B.  Stated  more  generally,  the 
problem  was  that  of  determining  the  electric-field  intensity  at  the  surface 
of  a  charged  body  whose  complicated  geometry  did  not  permit  the  field 
structure  to  be  calculated. 

The  technique  developed  to  make  measurements  of  this  type  is  illustrated 
in  Fig.  23.  Here  a  model  of  the  aircraft  in  question  is  suspended  in  space 
and  maintained  at  a  known  potential  Fq .  The  field  structure  about  the  model 
is  the  same  as  that  about  the  full-scale  aircraft  charged  to  the  same  po¬ 
tential,  Fq.  Field  intensities  on  the  model,  however,  are  higher  than  they 
are  on  corresponding  points  on  the  aircraft  by  a  factor  equal  to  the  model 
scale.  Absolute  magnitudes  of  the  fields  about  the  charged  aircraft,  there¬ 
fore,  may  be  determined  by  exploring  the  fields  on  the  model  in  the  labora¬ 
tory  and  applying  the  proper'  correction  factor. 

A  similar  application  is  that  of  determining  the  relationship  between 
the  field  intensity  at  a  given  point  on  an  aircraft  and  the  intensity  of 
an  externally-applied  field.  This  may  be  done  by  suspending  a  model  of  the 
aircraft  in  the  uniform  field  existing  in  an  electrostatic  cage  and  ex¬ 
ploring  the  surface  of  the  model  with  the  field-measuring  probe.  The  fields 
existing  on  the  full-scale  aircraft  immersed  in  the  same  external  field 
will,  of  course,  be  lower  by  a  factor  equal  to  the  model  scale. 

Another  application  in  which  the  field-exploring  technique  proved  to 
be  useful  was  in  connection  with  the  laboratory  investigation  of  the  corona 
thresholds  of  various  points  on  an  aircraft.  Using  a  full-scale  mock-up 
of  an  airfoil  trailing  edge,  for  example,  in  an  electrode  geometry  such  as 
that  illustrated  in  Fig.  9,  it  was  possible  to  induce  corona  from  the  mock- 
up.  Measurements  were  made  using  the  techniques  developed  for  static-field 
studies,  to  determine  the  magnitude  of  the  field  at  a  given  reference  point 
on  the  full-scale  mock-up  (for  example,  a  point  10  inches  in  from  the 
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trailing  edge)  when  corona  threahold  is  reached.  Subsequently,  using  a 
charged  scale  model  of  the  aircraft  as  shown  in  Fig.  23,  field  measurements 
were  made  at  the  corresponding  reference  points  on  the  wing  and  empennage 
surfaces  thereby  relating  the  reference-point  fields  to  the  aircraft  po¬ 
tential.  In  this  manner  it  is  possible  to  determine  in  the  laboratory  the 
aircraft  potential  at  which  corona  will  occur  from  various  interesting 
points  on  the  aircraft. 

It  should  be  recalled  that  the  thresholds  determined  in  this  manner 
apply  to  a  stationary  aircraft.  In  flight,  localized  pressure  reductions 
may  in  certain  locations  reduce  the  threshold  considerably  below  that 
indicated  by  the  laboratory  measurements. 
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APPENDIX  D 


TECHNIQUES  FOR  DETERMINING  AIRCRAFT  CHARGING  PARAMETERS 

By  Kirchoff’s  law,  the  charge  arriving  on  an  aircraft  must  either 
be  stored  or  discharged.  Thus  an  aircraft  in  a  charging  situation  may  be 
represented  by  a  capacitance  in  parallel  with  an  unknown  non-linear  resist 
ance,  as  is  indicated  in  Fig.  D-1.  From  the  diagram  we  can  write 

I.K  -  (D-l) 

where 

■  total  charging  current 
=  total  discharge  current 
V  =  aircraft  potential 

»  capacitance  of  aircraft 


FIG.  D-l 

EQUIVALENT  CIRCUIT  OF  AIRCRAFT 


The  aircraft  potential,  V,  is  easily  measured  in  flight,  and,  C„, 
may  be  determined  by  means  of  model  measurements  in  the  laboratory.  In 
flight  tests,  however,  it  is  difficult  to  measure  quantities  such  as 
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and  Ij.  A  quantity  which  can  be  meaaured  easily  in  flight  is  the  intrin¬ 
sic  charging  rate  per  unit  effective  intercepting  area,  i^.  It  is  related 
to  the  total  aircraft-charging  current  by  the  equation 

^ck  “  (D-2) 

where 


■  effective  intercept  area  of  aircraft. 
Thus  we  are  led  to  the  useful  normalized  form  of  Eq. 


(D-1)  given  below 


i 

p 


(D-3) 


It  is  worth  noting  that  if  the  discharge  current,  aircraft  potential, 
and  capacitance  are  known,  then  Eq.  (D-1)  may  be  used  to  compute  the  total 
charging  current.  Using  E';.  (D-2),  this  could  be  compared  to  the  measured 
charging  rate,  in  order  to  obtain  a  value  for  A^.  Unfortunately  this 

simple  calculation  generally  cannot  be  carried  out,  since  the  discharge 
current  usually  is  not  known.  For  this  reason,  the  following  techniques 
must  be  employed  in  order  to  obtain  estimates  for  the  parameters  of 
interest . 


1.  ASSUMED  DISCHARGE  CHARACTERISTICS 

If,  from  a  particular  recording  of  flight-test  data,  a  suitable  sec¬ 
tion  of  record  is  selected  such  that  the  potential  of  the  aircraft  does 
not  vary  over  a  wide  range,  the  discharge  current,  Ij(V),  may  be  expressed 
adequately  by  the  first  three  terms  of  a  Taylor  expansion  about  the 
average  potential  for  that  section.  Thus 


h  =  -fo  + 


where  Kq  is  the  average  potential  over  the  given  period  of  time.  When 
this  is  substituted  into  Eq.  (D-3)  we  obtain 


iV  -  Kj)  +  (K  -  Eo)' 


dt 


which  may  be  written 
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,  dV 

Xj  +  -  Kj)  +  k^(V  -  Kj)*  +  j- 

o  z 


(D-4) 


where  are  unknown  constants,  and,  in  particular,  ^4.*  1/^,- 

From  flight  tests  there  are  available  continuous  time  records  of 
charging  rate  and  aircraft  potential.  Thus  Eq.  (D-4)  provides  a  means 
of  evaluating  the  unknown  X.  which  are  of  interest.  This  is  accomplished 
by  approximating  the  measured  charging  rate,  (ip)*>  by  the  calculated 
using  Eq.  (D-4)  and  the  measured  aircraft  potential. 

i 

Specifically,  let  us  suppose  that  the  time  record  which  has  been 
selected  is  divided  into  a  large  number,  N,  of  equal  increments  of  time 
of  length  At  (usually  0.1  sec).  Then  if  the  measured  current  at  the  jth 
interval  is  defined  by  (ip)*  while  the  voltage  is  Vj,  the  calculated 
charging  current  at  the  jth  interval  is  given  by 

(%),  •  t  ^<1',  -  I'd)  +  +  KC.  f-^j  (D-S) 

where 


The  approximation  of  the  measured  current  by  the  calculated  current 
is  accomplished  by  the  mean  square  error  method.  The  sum  of  the  errors 
over  all  the  points  must  be  minimized;  thus  the  sum  (sometimes  called  the 
residual ) 


E  (li,);  -  (i,),)' 

7*1 


(D-6) 


must  be  an  extremum  where 


(i^)^.  is  given  by  Eq.  (D-5). 

The  extremum  conditions  are  given  by  the  simultaneous  equations: 


3f? 


0  k  -  1,2, 3, 4. 
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When  these  partial  derivatives  of  the  residual  R  are  taken,  one  obtains 
the  following  equations: 


where : 
b 


U 


=  N 


*  ^2^2  +  ^13^3  +  ^1/4  “ 

621^1  +  6,2^2  +  <>23^3  +  62/4  »  fej 

^31^1  ^32^2  ^33^3  ^34^4  *  ^3 

643X1  +  6^2^2  +  *>43^3  +  *>44^4  ‘  *4 


«>33  '  r  (»';  - 

>  =  1 


(D-7) 


^21  °  ^12 


E  (V.  -  v'o)  =  0  .  63,  =  6,3  =  E  (V.  -  K„)= 

j=i  >=i 


'31  °22 


'14  “41 


^23'  ~  ^32 


^  W  I  fty  i2 

613  «  r  (K  6^^  .  c]  E  - 

y-1  y=iWt/, 


^  !1  I  dV\ 

^  {^7/ 

1  =  1  \  dtl. 


s 

E 

j  =  i 


E  (I'l  -  »'o)' 


^1  *  E  (i,,); 

>-i 


*2  =  E  (%);(V'y  -  »'o) 


'24  °42 


fdV 


^3  =  E  (i,);(K^  - 

/"i 


E  (t  )•  (-' 


7*1 


"  '  Vdt/. 


Also  recall 


i  r  ^ 


Jl'  1 

n  ■  - 


+1 


^-1 


2At 
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Thus  all  the  coefficients  b^j  and  kj  in  Eq.  (D-7)  may  be  calculated 
for  the  specific  record  which  has  been  selected.  These  equations  may  then 
be  solved  simultaneously  for  the  constants  . 

2.  DISCHARGE  CURRENT  CALCULATED  EMPIRICALLY 

A  second  approach  may  be  used  if  some  method  is  available  for  esti¬ 
mating  the  discharge  current  of  Eq.  (0-3).  In  the  last  series  of  flight 
tests  conducted  on  the  Boeing  367-80  aircraft,  the  current  from  a  discharger 
at  the  wing  tip  was  recorded.  This  current  along  with  other  flight  informa¬ 
tion  may  be  used  to  obtain  an  estimate  of  total  discharge  current.  Thus  we 
may  assume  that  the  total  discharge  current  is  a  unique  function  of  the  wing 
tip  current: 


I,  '  /(i.) 

-  Bji,  +  Bji*  .  (D-8) 

The  constants  of  this  relation  were  calculated  from  flight-test  data 
obtained  on  the  Boeing  367-80  and  707  Aircraft  and  are  given  in  Eq.  (32). 

The  procedure  in  this  case  is  similar  to  that  used  in  Sec.  1  of  this 
appendix. 

Substituting  Eq.  (D-8)  into  Eq.  (D-3),  the  calculated  charging  sate 
during  the  yth  interval  is  given,  by 

where 


Again  we  require  a  mean-square  error  approximation  to  the  measured 
charging  current.  Thus  again  for 


H 

E 


where  (  is  given  by  Eq.  (D-9)  to  be  an  extremum,  we  must  have  'dR/'djB  ■  0. 
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We  may  write 


^  ;-l 

and  noting  from  Eq  (D  9)  that 


( i  )  *  -  ( i  )  . 

p  }  p  ) 


d/3 


d/3  "  /3 


we  obtain 


d/3 


r  “1 


Noting  that  (ip)y  is  not  identically  equal  to  zero,  the  requirement 
dfl/d/3  •»  0  implies  that 


Z  [(%)•  -  '  0 

J  =  1 


(D-10) 


or 


*  ^  f  t dV  \ 

z  (i,);  -  /3  E  .  C,  - 

;  =  1  /=l[ 


(D-11) 


This  equation  may  be  solved  for  li  and  evaluated  for  the  specific 
record  which  has  been  selected. 


It  is  interesting  to  note  that  Eq.  (D-10)  can  be  written 


“  E 


(i  )• 

p  ] 


1  " 
"  ;  =  1 


which  states  simply  that  the  best  choice  for  /0  is  that  value  which  makes 
the  average  value  of  the  computed  charging  rate  equal  the  average  value 
of  the  measured  charging  rate  over  the  interval  of  interest. 
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APPENDIX  E 


SPACE-CHARGE-LIMITED  CORONA  DISCHARGE 
IN  THE  PRESENCE  OF  WIND 


One  problem  we  are  interested  in  solving  is  that  of  space-charge- 
limited  corona  current  discharged  from  the  edge  of  a  semi-infinite  con¬ 
ducting  plate.  Let  us  assume  that  a  source  of  ions  exists  along  the  edge 
of  the  sheet,  and  let  us  consider  first  the  case  in  which  there  is  no 
wind.  To  obtain  a  solution  to  this  problem,  let  us  consider  first  the 
case  of  a  line  source  of  ions  without  the  conducting  plate.  The  relations 


satisfied 

are 

V  •  E  = 

pAo 

(Poisson’s  Eq.  p  -  charge  density) 

(E-1) 

V  .  i  = 

0 

(Current  continuity) 

(E-2) 

i  *  pu  = 

P*E 

(Mobility  Eq.  n  =  ion  velocity,  k  -  mobility) 

(E-3) 

Cylindrical  coordinates  apply,  and  for  conditions  of  cylindrical  symmetry 
only  r  components  of  n  and  E  exist,  so  that  these  equations  become 


1  d  , 

-  —  (rE) 
r  dr 


(E-4) 


1  d 

~  {rpu)  =  0  (since  i  =  pu)  (E-5) 


«  =  kE 


(E-6) 


If  the  line  source  furnishes  the  current  i  per  unit  length,  we  have  from 
Eq.  (E-5) 


rpu  =  constant  =  l/27r 
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NO  SFMCE  I  IN  THIS  REGION  SPACE 

CHARGE  IN  CHARGE  GIVEN  BY 

THIS  REGION  1  .  .  _ I 

^  *  ?nr 


FIG.  E-1 

ILLUSTRATION  Of  DISCHARGE  FROM  EDGE  OF  PLATE  IN  ABSENCE  OF  WIND. 

The  field  structure  predicted  by  this  analysis  was  verified  in  the 
laboratory  using  the  set-up  illustrated  in  Fig.  E--2.  Corona  discharges 
were  induced  from  the  discharge  points  along  the  edge  of  the  plane  sheet 
by  applying  a  high  voltage  to  the  F-shaped  sheet.  The  field  in  the  region 
between  the  two  electrodes  was  explored  by  placing  the  radioactive  probe 
at  selected  locations  and,  at  each  position,  determining  the  bucking  volt¬ 
age  necessary  to  reduce  the  electrometer  reading  to  zero. 

The  solution  to  the  space-charge-limited  corona  problem  obtained 
above  can  be  extended  to  the  case  with  wind  by  a  change  of  variable  as 
follows: 

V  •  E  =  -^  (E-9) 

V  •  i  =  0  (E-10) 

i  =  p{kE  +  W)  (E-11) 

W  = 
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HIGH  VOLTAOe 
SUPPLY 


LABORATORY  SET-UP  USED  TO  VERIFY  FIELD  STRUCTURE 
ABOUT  DISCHARGING  EDGE 


where  W  is  wind  velocity,  Zj  is  s  unit  vector  in  the  x  direction,  like* 
wise  forC'i  and  dj.  Let  us  now  define 


Then 


since 


F  -  E  +  7^ 

p 

V  •  F  =  — 

«o 

V  •  f  -  0 

V  •  i  *  0 

i  »  /okF 


(E-12) 


(E-13) 


(E-14) 

(E-IS) 
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Since  Eqs.  (E-13)  through  (E-IS)  correspond  exactly  to  Eqs.  (E>1)  through 
(E-3)  respectively,  the  solution  obtained  for  E  in  Eq.  (E-7)  now  holds 
for  F-  Hence  F  about  the  ion  source  is  radially  directed  and  uniform, 
which  may  be  stated  mathematically  as 


where 


We  also  observe  that 


F  =  FFj 


2vkFr 


From  Eq.  (E-12)  we  obtain 


E 


If  I 

I  t  ~~  cos 
\  k 


+  —  sin  & 
k 


(E-16) 


(E-17) 


(E-18) 


(E-19) 


It  should  be  noted  that  E  has  a  constant  value  on  each  radial  line 
6  =  constant,  as  in  the  solution  for  W  ^  0.  Hence,  the  solution  of 
Eq.  (E-19)  can  be  discontinued  and  a  constant  field  matched  to  it  at 
that  value  of  6,  say  6,  for  which  E  is  vertical,  parallel  to  in  the 
manner  illustrated  in  Fig.  E-3.  The  relationship  between  E  and  at 
d  =  '§'  may  be  expressed  as 

E  X  =  0  for  e  -  (E-20) 

The  unit  vector  may  be  written 

=  sin  +  cos  6  (E-21) 
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riELO  SITUATION  AT 
eooe  OF  PLATE 


FIG.  E-3 

ILLUSTRATION  OF  DISCHARGE  FROM  EDGE  OF  PLATE 
IN  WIND  STREAM 


We  may  now  find  the  actual  current  discharged  from  the  edge  of  the 
plate  under  the  effects  of  the  field  E  and  the  wind  W.  In  Eq.  (E-17)  we 
hare  an  expression  for  the  total  current  i  flowing  in  the  case  where  F 


21# 


has  complete  cylindrical  symmetry.  It  will  be  recalled,  however,  that 
the  solution  to  the  problem  with  the  conducting  sheet  illustrated  in 
Fig.  E-3  was  obtained  by  retaining  the  wedge  of  ion  current  extending 
over  the  range  -6  <  6  <  3  from  the  solution  for  the  symmetrical  problem. 
Thus  we  may  write 


A  A 

20  e_ 

2tt  tt 


(E-25) 


^  .  A  A 

where  i  is  the -current  discharged  in  the  wedge  -6  <  6  <  6  illustrated  in 
the  figure.  Also  from  the  figure  we  can  observe  that 


From  Eq.  (E>17)  we  obtain 


i  =  2nenkF^ 


from  which,  by  using  Eqs  (E>25)  to  (E-27),  we  obtain 


A  ^  . 

I  =  -  I 

7T 


—  1 

e.k  tan"  —r 


For  high  wind  speeds  such  that  W/k  »  E  we  can  observe  that 
tan"M£fc/Pf)  Ek/V  so  that  Eq.  (E-28)  reduces  to 


(E-26) 


tan  — 
W 


(E-27) 


(E-28) 


2ir€o£ 


(E-29) 
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From  Eq.  (E-28)  or  Eq.  (E>29)  we  can  determine  the  current  discharged 
per  unit  length  along  the  edge  of  a  plate,  given  the  wind  speed  and  the 
field  existing  near  the  edge  of  the  plate  when  the  discharge  is  in  prog- 
reiis.  It  now  remains  to  find  a  method  by  which  E  at  the  edge  of  the  plate 
can  be  estimated  in  the  laboratory. 

Let  us  consider  the  airfoil  from  which  the  corona  discharge  occurs 
to  be  tepresented  by  a  conducting  strip  of  width  2/>  =  4a  as  is  illustrated 
in  Fig.  E-4.  It  would  appear  intuitively  that  placing  an  ion  source  along 
the  edge  of  the  strip  would  result  in  a  situation  such  as  that  pictured 
in  Fig.  E-4(a)  where  the  field  about  the  strip  is  approximately  the  same 
as  the  field  about  a  strip  twice  as  wide  having  twice  as  much  charge  as 
is  illustrated  in  Fig.  E-4(b).  If  the  effect  of  the  space  charge  can  in¬ 
deed  be  simulated  by  doubling  the  width  of  the  strip,  we  have  a  simple 
technique  for  estimating  the  discharge  current  from  a  section  of  airfoil. 
Tabs  which  double  the  chord  of  the  airfoil  may  be  attached  to  the  dis¬ 
charging  region  on  a  model  of  the  aircraft  charged  to  a  potential  V  as 
is  indicated  in  Fig.  30.  The  normal  field  measured  at  the  junction  of 


CHARGE  >  2q 


FIG.  E-4 

APPROXIMATE  EFFECT  OF  SPACE  CHARGE  UPON  FIELD 
AT  EDGE  OF  STRIP 
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the  tab  and  the  airfoil  (reduced  by  the  modeling  factor)  may  be  aubati- 
tuted  into  Eq.  (E-28)  or  (E-29)  to  determine  the  discharge  current  at  an 
aircraft  potential  V.  We  must  now  determine  the  conditions  under  which 
this  procedure  is  valid. 

As  a  preliminary  let  us  note  that  the  normal  field  £q  in  Fig.  E>4(b) 
is  given  by 


E 


0 


9 

iTre^h 


(E-30) 


This  result  may  be  obtained  from  the  expression  for  the  field  about  a 
charged  cylinder  by  performing  a  conformal  transformation  which  trans¬ 
forms  the  cylinder  into  a  strip. 

To  solve  the  problem  of  a  region  of  space  charge  near  the  edge  of  a 
conducting  strip  we  will  proceed  as  follows;  First  we  will  find  the  field 
produced  by  a  line  charge  parallel  to  an  uncharged  conducting  cylinder. 
Next  we  will  map  the  cylinder  into  a  strip.  Then  we  will  assume  a  space- 
charge  distribution  and  integrate  to  find  the  field  £j  produced  at  the 
sheet  by  the  space  charge.  To  this  we  will  add  the  field  resulting 
from  the  charge  q  per  unit  length  on  the  conducting  strip,  thereby  ob¬ 
taining  the  total  field  E  ^  about  the  strip.  We  will  then  determine  the 
conditions  under  which  E^  at  the  edge  of  the  sheet  equals  Eg  at  the  center 
of  a  sheet  of  twice  the  width. 

By  the  method  of  images  the 
line  charge  "X  parallel  to  the 
conducting  cylinder  may  be  replaced 
by  three  line  charges  as  is  indi¬ 
cated  in  Fig,  E-5.®  From  the 
figure  the  complex  potential  may 
be  written 

F  - - In  w  -  In  (w  — -j 

2mg  |_  \  b  } 

+  In  (at  -  6)  -  ccnst.J 
(E-31) 
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FIG.  E-6 

ILLUSTRATION  OF  CONFORMAL  MAPPING 


We  will  be  interested  in  the  fields  in  the  z>plane,  so  let  us 


eraluate 


dV  dV  dv 

dz  ^  dw  dz 


(E-36) 


From  Eq.  (E*33)  we  obtain 


\  (bw  -  o*)  (6w  -  a*)(6  -  2v)  ~  (bv  -  w*)6 


•0  (6»  -  w* ) 


(6w  -  a*)2 


(E-37) 


which  reduces  to 


E^(z) 


6»*  -  2o*»  +  0*6 
■0  w[bw*  -  (o*  +  6*)w  +  0*6] 


(E-38) 


Differentiating  Eq.  (E-3S)  we  obtain 


(E-39) 


which,  upon  substituting  Eq.  (E>35},  becomes 


dw  1  /  w*  +  o* 

—  =  -  1  + - 

dz  2  \  .2-0* 


(E-40) 


Substituting  Eqs.  (E-38)  and  (E-40)  into  Eq.  (E-36)  gives 


Exit) 


»[6w* 


6»*  -  2a*w  +  0*6  /  »*  +  o* 

-  1  + - 

*  -  (o*  +  6*)ii>  +  0*6]  \  w*  ~  o* 


(E-41) 


which  reduces  to 


^  0<vr^ 


.*  -  2  —  w  +  o* 

6 


o*  +  6* 


w  +  o' 


W*  -  o* 


(E-42) 
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From  Fig.  E-6  and  Eq.  (E>34)  we  obaerve  that 


p  *  b  + 


I*  +  6* 


(E-43) 


and 


T  “  P  -  b 


(E-44) 


Substituting  Eqs.  (E-43)  and  (E-44)  into  Eq.  (E-42)  we  obtain 


EAz)  =  - 

A 


X  w*  -  2(p  -  6)w  + 


277€ 


0  »*  -p»  +  a* 


»*  -  o* 


(E-45) 


which  upon  substituting  Eq.  (E-35)  and  reducing  becomes 


EAz)  =  - 

^  2tt€, 


p  -  z 


(i)  "  ‘J(i)  ' 


(E-46) 


Substituting  h  =  2a,  this  becomes 


X  p  -  z  -/p*  -  /i*  z  +  /z*  -  /i* 


27rc5  P  -  2 


~  h*  +  2  i/z*  -  /i* 


(E-47) 


This  can  be  further  reduced  to 


X  (p  -  z )  -  /p*  -  h*  1 

p  -  z  -  /,* 


(E-48) 


By  integrating  Eq.  (E-48)  we  can  find  Fi(z),  the  field  resulting 
from  the  space  charge.  Let  us  assume  that  the  wind  velocity  is  high,  and 
that  the  negative  space  charge  may  be  represented  by  a  sheet  of  charge 
of  uniform  density  lying  between  z  «  h  and  z  «  B.  In  an  actual  charging 


aituation,  the  positive  apace  charge  is  equal  to  the  negative  space  charge 
but  lies  farther  away.  Let  us  approximate  the  situation  by  assuming  a 
sheet  of  positive  charge  lying  between  B  and  2B  -  h. 

For  a  sheet  of  charge  of  density  cr  coulombs  per  square  meter,  X  be¬ 
comes  crdp  and  Eq.  (E-48)  may  be  written 


EJz)  =  dE^(2) 


a  1  (p  ~  z)  ~  vp^-h} 

27T£o  a*  -  hi  P  -  ^  ^ 


.  (E-49) 


If  we  now  define 


A 


cr  1 

277^0  A2  -  /,2 


Eq.  (E-49)  reduces  to 


EJz) 


(p  -  z)  -  /p*  “  , 

A  -  dp 

p  -  z 


(E-50) 


(E-51) 


The  field  due  to  space  charge  is  given  by 


2B~h 


\{z)  *  A 


(p  -  x)  -  /p*  “  h* 


p  -  z 


dp  -  A 


(p  -  z)  -  /p*  -  h* 


p  -  z 


dp 


Defining 


f(p) 


ip  -  z)  -  /p 
P  ~  z 


2  _  hi 


dp 


(E-52) 


(E-53) 


the  field  may  be  written 

Ei(z)  =  4{[/(p)]»  -  [/(p)]|'-*} 

=  AifiB)  -  fih)  -  fi2B  -  h)  +  fiB)}  (E-54) 

*  A{2f{B)  -  fih)  -  fi2B  -  h)} 
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We  will,  therefore,  integrate  Eq,  (E-53)  to  find  fip),  substitute  the 
required  limits,  and  substitute  the  resulting  functions  into  Eq.  (E-S^)- 
Let  us  now  make  the  following  change  of  variable 


p  ~  z  •  * 


hence 


(E-55) 


dp  =  dx 


and 


p*  =  (x  +  i)^  =  X*  +  2xz  +  2*  .  (E-56) 

Let  us  now  define 


p^  -  =  a  +  bx  +  cx^  =  X  (E-57) 


where 


a  =  2*  -  h* 


6  =  2z 

c  =  1 


Thus  the  integral  of  Eq.  (E-53)  becomes 


Next,  using  integral  187  of  Pierce,** 


(E-58) 


(E-59) 
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Using  integral  160  of  Pierce, 


But 


sin->  4  .  Z-  j  In  U,  f--l 

h  2  (h  \Ui 


Hence, 


fip)  =  p  -  1  -  /p*  - +  j—z  +  z  In 


£  ,  pTi]  ,  jyp—J?  3i„-i  ££_jf 


h(p-z) 

(E-64) 


Let  us  now  substitute  the  required  limits  into  the  individual  terms  of 
Eq.  (E-64)  and  combine  the  corresponding  terms  according  to  Eq.  (E-54): 


=  A  <[2B  -  2z  -  -  h  +  z-  2B-th  +  2+  /(2fi  -  h)^  -  h^] 


^0  I  from  J  *  term|| 

+  -  h*  I  2  sin'^  - -  - 

L  MB-r) 


2B  -  h  l(2B  -  h)^  _  ' 
h  1/  ^ 


,  zB  -  ,  ,,  zh-  z(2B  - 

*  •  a^n  ^  •.  MW  v>  4-  ■  II 


MB-z)  h(h-z)~®^"  /»(2B 


-  h)  - 

-  /»  -  z)  _ 


(E-65) 


Let  us  now  permit  B  to  become  large  compared  to  h  and  |z|.  Then  we  ob¬ 
tain  for  the  various  terms  in  Eq .  (E-65) 


[First  term  in  brackets] 


=  [/(2B  -  /»)2  -  /,*  -  2/B2  -  />2] 

=  /4B*  -  4B/i  -  2fl/l  -  hZ/B* 

=  2B[/1  -  VB  -  vl  - 


7,  -IK 

\  / 

~2B  ■ 

■)-( 

2^2  ••■) 

220 


[Iliird  term  in 


brackets]  ^  -  b*  [2  sin'l  ±  sin"*  ~  sin’l  -1 

L  ^  h(h  -  z)  /ij 

=  ji/r*  -  b*  ^sin’*  Y  -  sin'*  (-l)j 

.  ij 


Upon  assembling  these  terms  we  obtain 

» 

E^it)  «  i4'  +  2  in •^  +  j/i*  -  h*  +  sin'*  • 

which  upon  substituting  Eq.  (E-50)  becomes 


(E-66) 


This  IS  an  approximate  expression  for  the  field  about  the  strip  due  to 
space  charge. 

The  field  due  to  a  charge  q  on  the  strip  is  given  by 


(E-68) 
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This  result  may  be  obtained  from  the  field  about  a  charged  cylinder  by 
means  of  the  transformation  of  Eq.  (E-34). 

The  total  field  is  given  by  =  £j  +  £2 


which  for  z  =  x  and  x  <  h  becomes 
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Let  ua  now  substitute  for  q  the  expression 


q  -  2iTe^hE^ 


(£-73) 


obtained  from  Eq.  (E-30)  to  relate  the  field  existing  with  the  discharge 
to  the  field  Eg  measured  when  the  atrip  width  is  doubled.  Equation  (E*71) 
becomes 


27r€ghEg 

2776  gEj 

/  1  ®  \  ° 

/  B  \ 

-1  +  in  T 

(-1  +  In  — 

\  h 

\  h  / 

(E-74) 


When  this  is  substituted  into  Eq.  (E-72)  we  obtain 


TT 


(■^  *  '“I ) 


(E.75) 


Thus  the  field  at  the  edge  of  the  discharging  strip  equals  Eg  if 


B 

In  -  7T  +  1 
h 


(E-76) 


It  is  worth  noting  that  because  of  the  logarithmic  dependence,  the 
value  of  the  field  (and  hence  the  discharge  current)  is  not  critically 
dependent  upon  B.  If  In  {B/h)  =  tt  +  1  the  discharge  current  has  the  value 
obtained  by  substituting  Eg  into  Eq.  (E-28)  or  (E-29).  This  corresponds 
to  B/h  -  64.  In  other  words  if  recombination  begins  at  a  distance  32  times 
the  width  of  the  strip,  the  current  approximates  that  obtained  using  Eg. 

If  recombination  begins  at  a  distance  twice  this  great,  the  current  is 
lower  by  approximately  20%,  and  if  the  distance  is  half  as  great,  the  cur¬ 
rent  is  higher  by  approximately  25%. 

The  problem  of  corona  discharge  from  the  end  of  a  cylinder  will  be 
treated  with  much  less  rigor.  Let  us  assume  that  the  discharger  consists 
of  a  conducting  rod  of  radius,  a,  so  oriented  that  a  wind  of  velocity  If 
is  directed  along  its  axis,  as  is  indicated  in  Fig.  E-7.  Let  us  assume, 
furthermore,  that  an  ion  source  is  placed  at  the  end.  of  the  rod.  If  a 
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SURFACE  FIELD  •  E. 
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FIG.  E-7 

ILLUSTRATION  OF  DISCHARGE  FROM  END  OF  ROD 


voltage  is  now  applied  to  the  rod,  it  will  acquire  a  charge  per  unit 
length  q  given  by 


9,  =  2rrejo£„ 


(E-77) 


where  Eg  is  the  permittivity  of  free  space  and  Eq  is  the  field  strength 
at  the  surface  of  the  rod.  As  a  result  of  the  applied  voltage,  current 
will  be  discharged  from  the  end  of  the  rod  and  carried  away  by  the  wind, 
forming  a  space-charge  cloud.  The  magnitude  of  the  axial  charge  density 
within  this  cloud  may  be  inferred  from  a  consideration  of  the  fields  near 
the  end  of  the  rod.  If  we  assume,  for  example,  that  the  charge  per  unit 
length  on  the  rod  is  greater  than  in  the  space  charge,  there  will  exist 
an  axial  component  of  field  tending  to  force  additional  charge  into  the 
space  charge  region.  If,  on  the  other  hand,  the  charge  per  unit  length 
in  the  space  charge  is  greater  than  on  the  rod,  an  axial  component  of 
field  will  be  generated,  tending  to  reduce  the  current  into  the  space- 
charge  region.  Equilibrium  is  established  when  the  charge  per  unit  length 
in  the  space  charge  equals  the  charge  density  on  the  rod,  since,  in  this 
case,  a  purely  radial  field  exists  near  the  end  of  the  rod  and  there  is 
no  tendency  to  either  increase  or  decrease  the  current  entering  the  space- 
charge  cloud.  Thus  we  may  write  for  the  current  carried  away  by  the  wind 

i  =  q,ir  (E-78) 


or,  substituting  Eq.  (E-77) 


i  =  27reQo£glf 


(E-79) 
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which  states  that  the  discharge  current  is  directly  proportional  to  the 
wind  velocity  and  to  the  surface  field  near  the  end  of  the  rod.  In  the 
case  of  a  practical  discharger,  Eq.  (E>79)  is  not  valid  for  small  field 
strengths  since  the  threshold  field  of  the  rod  is  not  xero.  For  values 
of  £g  well  above  the  threshold  field,  however,  the  current  given  in 
Eq.  (E-79)  should  be  a  very  good  approximation  to  the  blow-away  current. 

These  results  suggest  a  useful  laboratory  technique  for  studying 
discharge-current  capacities  of  discharger  installations.  One  of  the 
problems  in  a  study  of  this  sort  is  that  of  adequately  reproducing  the 
effect  of  the  space  charge  generated  by  the  discharger.  Since  it  was 
shown  that  the  fields  about  a  discharger  and  its  space  charge  are  the 
same  as  those  around  an  infinite  conducting  cylinder,  the  effects  of  the 
space  charge  may  be  simulated  by  attaching  at  the  end  of  the  discharger 
a  conducting  rod  whose  diameter  equals  that  of  the  discharger.  If  a 
voltage  is  now  applied  to  the  aircraft  model,  the  surface  field  measured 
near  the  junction  of  the  discharger  and  "space  charge  cylinder”  may  be 
used  together  with  Eq.  (E-79)  to  determine  the  discharge  current. 

This  simple  technique  is  useful  only  in  the  study  of  high  discharge 
currents  when  the  finite  corona  threshold  of  the  discharger  is  unimportant 
Since  in  a  practical  discharger  a  non-zero  axial  field  is  required  at  the 
end  of  the  discharger  rod  to  maintain  the  discharge,  the  charge  per  unit 
length  in  the  space  charge  is  lower  than  on  the  discharger  rod.  To  simu¬ 
late  this  effect  in  the  laboratory,  it  would  be  necessary  to  use  a  smaller 
diameter  space-charge  cylinder  or  to  simulate  the  space  charge  in  some 
other  fashion. 
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APPENDIX  F 


ANALYSIS  OF  THE  DECOUPLING  OF  A  DISCHARGER 


Let  us  assume  that  we  have  a  resistive  rod  of  radius  a,  resistance 
per  unit  length  p,  and  total  length  I,  mounted  on  the  edge  of  a  semi- 
infinite  conductive  sheet  which  is  immersed  in  an  RF  field  as  is  illus¬ 
trated  in  Fig.  F-1.  In  the  region  to  the  left  of  the  sheet  and  in  the 
plane  of  the  sheet  the  applied  field,  unperturbed  by  charge  on  the  rod, 
IS  given  by 


£.(*.0) 


(F-1) 


where  i4  is  a  constant  related  to  the  amplitude  of  the  applied  RF  voltage 
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FIG.  F-1 

MODEL  USED  FOR  CALCULATION  OF  DECOUPLING 

The  tangential  field  at  the  surface  of  the  rod  due  to  charge  flow 
consists  of  two  components:  that  due  to  IR  drop  and  that  due  to  the 
Coulomb  field  from  charge  accumulated  on  the  rod.  The  tangential  field 
due  to  the  current  J(x)  flowing  in  the  rod  is 

,  .  E.ix.a)  =  Hx)p  .  (F-2) 

Assuming  the  Coulomb  field  to  be  the  same  as  if  the  charge  were  con 
centrated  on  the  axis  of  the  rod,  the  x-component  of  this  field  due  to  a 
charge  per  unit  length  <](.x)  on  the  rod  is 
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(F-3) 


q(x' )dx' 

Making  use  of  the  continuity  equation  for  steady-state  sinusoidal  signals, 
the  charge  per  unit  length  can  be  related  to  the  current  in  the  rod  by 


(x,a) 


dx 


V(x,a) 


dx 


1 

4776, 


di(x') 

dx' 


-  -  jojq(x'  ) 


(F-4) 


where  j  ■  Solving  Eq.  (F-4)  for  q(x')  and  substituting  into  Eq.  (F-3) 

we  obtain 


E^(x,a) 


i  i'  '*  '  ’ 


4776.0) 


Jo  [(*  -  r')*  +  a*] 


2l3<2 


dx'dx' 


(F-5) 


If  we  now  observe  that  the  applied  field  at  the  surface  of  the  rod 
is  essentially  equal  to  field  along  the  axis  of  the  rod  we  can  equate  the 
applied  field  given  by  Eq,  (F-1)  to  the  field  due  to  charge  flow  given 
by  the  sum  of  Eq.  (F-2)  and  Eq.  (F-5). 


.  ,,  dlix')‘ 

■l  (x  -  x')  - 


I(x 


.  _J_  r  ^  Bx' 

^  ^  Jo  [(*-*')*  +  a»] 


3/2 


dx' 


/l~^x  ' 

Differentiating  with  respect  to  x  aiid  dividing  by  p  we  obtain 


(F-6) 


dT(.x) 


dx  4770)6  jP 


j  f'  -2(x  -  x')^ 

•^O^Jo  [(*-x')*  +  a»] 


BI(x.') 


3/2  dx ' 


-  dx' 


2p{l  -  x) 


3/2 


(F-7) 


which  is  a  standard  form  of  Fredholm’s  integral  equation  of  the  second 
kind  in  the  unknown  dl (x) /dx .  To  simplify  the  notation,  let 


Bl(x) 

dx 


■  0(x)  and 


/ 


(F-8) 


4770)6  jP 


Then  Eq.  (F-7)  becomes 


f*  o*  -2(x  -  X* )“ 

:)  ^  k\  i - f 

Jo  [(*-x')»f  a*]  = 


2p(l  -  x) 


.  (F-9) 


The  form  of  the  kernel  and  the  fact  that  the  driving  function  has  a 
singularity  at  x  ■  1  make  it  extremely  difficult  to  obtain  an  exact  solu¬ 
tion  to  Eq.  (F-9).  However,  by  expanding  the  driving  function  as  a  bino¬ 
mial  series  and  using  the  method  of  iterated  kernels,  an  approximate 
solution  can  be  obtained  for  x  <  1.  Since  it  is  known  from  experiment 
that  the  point  of  minimum  coupling  lies  near  the  end  of  the  rod  (i.e., 
near  x  ■  0) ,  and  approximate  solution  of  this  form  will  be  satisfactory. 
The  solution  is^^ 


0(x)  -  Y. 


(F-10) 


where 


<f>Ax) 


2p(l  -  x)^  2pl- 


[■•It-tItI'-  -I 


f  a*~2(x“x*)*  /IV,  I 

0j(x)  -  - = —  0,(x  )dx 

J,  [(.  -  .')■  t  «=]“ 

*.(.)  .  f' 

J,  [(,  -  ,')■  t  a>]« 


An  approximate  solution  is  obtained  by  taking  the  first  two  terms  of 
Eq.  (F-10),  giving 


2p(l  -  x)“  2pl' 


{  o*  “2(x  “  x')*  r  3  x'  15 
I  [(x  -  X')*  +  L  2  1  8  (  I)  J 


(F-11) 


where  4>q(x)  has  been  approximated  by  the  first  three  terms  of  the  binomial 
expansion  under  the  integral.  Although  somewhat  lengthy,  the  integral  in 
Eq.  (F~ll)  is  simple  and  straightforward.  Upon  integration,  Eq.  (F-11) 
becomes 


\/24r' 


(1  - 


12$^^  -  357^  +  231  +  126a^ 

[(^-1)2  +  a*] 


36^*  -  24^  +  36a*  ^  /(f  -  D*  +  a*  +  ^  -  1 

"  +  90  In - — 

(^2  +  g^2>^3a  +  a*  +  ^ 


(F-12) 


where  ^  =  x/l  and  OL  =  a/I. 

From  the  coupling  theorem  it  is  noted  that  for  minimum  coupling 
between  the  discharge  and  the  receiving  antennas,  the  reciprocal  field  in  the 
direction  of  the  discharge  current  flow  should  be  minimum.  For  the  rod 
discharger  under  consideration,  the  reciprocal  field  is  the  radial  field 
about  the  rod.  This  field,  however,  is  proportional  to  the  distributed 
charge  on  the  rod,  which  in  turn  is  related  to  0(^)  by  Eqs .  (F-4)  and 
(F-8).  The  reciprocal  field  in  the  vicinity  of  the  discharge  is  thus 


9 


(F.13) 


where  the  nomenclature  of  Eq.  (1),  Sec.  II  of  this  report  has  been  used 
for  the  reciprocal  field.  If  the  relative  magnitude  of  the  reciprocal 
field  is  plotted  as  a  function  of  discharge  location  as  illustrated  in 
Fig.  61.  the  point  of  minimum  coupling  for  a  given  frequency  and  rod 
resistance  is  readily  apparent.  The  coupling  data  have  been  normalized  to 
the  value  of  the  minimum  coupling  for  y*  =  4.  The  condition  y*  *  4  de¬ 
scribes,  at  a  frequency  of  0.1  Me,  the  dischargers  used  in  the  flight 
tests  for  which 

1*6  inch  ”  0.15  meter 
a  *  1/8-inch  ”  0.03  meter 
p  *  133  megohm  per  meter. 

In  calculating  the  data  of  Fig.  61  the  normalized  rod  radius  was  fixed  at 
the  value  a  ■  0.02,  but  as  can  be  seen  from  Eq.  (F-12)  when  ^  is  much 
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larger  than  01  the  influence  of  a  becomea  negligible.  Hence  for  normal 
diacharger  deaigna,  the  value  of  (I  has  little  influence  upon  the  location 
of  the  minimum  point  or  upon  the  magnitude  of  the  coupling  at  the  minimum 
point.  A  discharger  rod  length  I  ■■  O.IS  meters  was  assumed  in  computing 
the  coupling  data.  The  data,  however,  may  be  applied  to  dischargers  of 
other  lengths  by  determining  the  required  correction  for  the  curve  in  the 
lower  part  of  Fig.  61. 

To  determine  the  advantage  of  the  decoupled  discharger  over  a  dis¬ 
charge  from  the  airfoil  trailing  edge  it  is  first  necessary  to  calculate 
the  relative  coupling  of  the  two.  This  can  be  done  with  the  aid  of  Eq.  (1) 
of  Sec.  II: 

■  mi;  f 

where  it  will  be  recalled  that  Fj  is  the  voltage  which,  when  applied  to 
the  antenna  terminals,  produces  the  reciprocal  field  Ej  in  the  region  of 
the  discharge  Tj ,  and  Jj  is  the  noise  current  flowing  in  the  short-circuited 
antenna  terminals  when  the  discharge  characterized  by  the  current  density 
J]  flows  in  the  region  T^.  Let  us  assume  that  the  discharge  in  both  cases 
occurs  from  a  needle  0.25  inch  long.  This  assumption  simplifies  the  pro¬ 
blem  considerably.  Since  the  form  of  the  current  density  Jj  is  determined 
by  the  details  of  the  discharge  point,  specifying  that  the  discharge  occurs 
from  the  same  type  of  point  on  the  trailing  edge  and  on  the  discharger  is 
equivalent  to  specifying  that  Jj  is  identical  in  the  two  discharges. 
Furthermore,  the  form  of  in  the  region  of  the  discharge  is  determined  by 
the  boundary  conditions  imposed  by  the  point.  Thus  the  form  of  E^  in  the 
two  cases  will  be  the  same  although  the  magnitudes  will  be  different.  Thus 
it  is  apparent  that  the  integral  of  Eq.  (1)  need  not  be  evaluated  since, 
except  for  absolute  magnitudes,  the  integrals  for  the  two  cases  are 
identical.  Hence,  the  ratio  of  the  two  short-circuit  currents  is  equal 
to  the  ratio  of  the  magnitudes  of  the  fields  existing  at  the  tips  of  the 
two  pins.  The  magnitude  of  the  coupling  field  at  the  end  of  a  discharge 
pin  is  proportional  to  the  potential  shorted  out  by  the  pin. 

After  calculating  the  noise  reduction  obtained  assuming  both  dis¬ 
charges  occur  from  sharp  pins,  we  can  relate  this  result  to  the  actual 
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situation  by  employing  the  experimental  result  discussed  earlier  in  this 
section  that  a  discharge  from  a  pin  is  6  db  less  noisy  than  a  discharge 
from  a  trailing  edge. 

In  the  case  of  the  decoupled  discharger,  the  reciprocal  field  in  the 
direction  of  the  discharge  pin  is 


E 


1 

r 


27rci;e  j  r 


when  is  the  location  of  the  discharge  point  and  r  is  the  radial  distance 
from  the  center  of  the  rod.  The  potential  shorted  by  the  pin  is,  therefore, 


pin  di«ch 


dr 
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(F-14) 


where  the  limits  of  integration  are  chosen  from  the  dimensions  of  the 
dischargers  used  during  the  flight  tests. 

When  the  discharge  occurs  from  the  trailing  edge,  the  reciprocal 
field  in  the  direction  of  the  discharge  pin  is  given  by  Eq.  (F-l)  so  the 
potential  shorted  by  the  pin  is 
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Upon  substituting  the  values  ^  *  0.1,  I  •  0.15  meters,  p  ■  133  megohm 
per  meter,  Ot  «  0.02,  and  /  =  100  kilocycles,  we  find  from  Eqs.  (F-14)  and 
(F-15)  that  the  decoupling  is 


- - -  •  -35.6  db  .  (F-16) 

pia  trail  adga 

Taking  into  account  the  fact  that  a  discharge  from  the  trailing  struc¬ 
ture  is  6  db  noisier  than  a  discharge  from  a  pin  in  the  same  location, 
the  noise  reduction  obtained  at  100  kc  by  the  installation  of  decoupled 
dischargers  is 
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**  d  i  (  c  li 


trtil  adt* 


-  (35.6  +  6) 

-41.6  db 


It  should  be  recalled  that  this  is  the  noise  reduction  at  frequencies 
lower  than  those  normally  used  for  aircraft  communication  and  navigation 
systems.  From  Fig.  61  it  is  evident  that  at  higher  frequencies  the  noise 
reduction  will  be  much  greater.  For  example,  at  a  frequency  of  one  mega¬ 
cycle,  the  noise  reduction  is  61.6  db. 
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Attn:  Mr.  Morris  J.  Ehrlich, 

President 


I  279  Lockheed  Aircraft  Corporation  1 

2SSS  N.  Hollywood  Way 
California  Diviaion  Engineering 
Library 

Department  72-25,  Plant  A-1, 

Building  63-1 
Burbank,  California 
Attn:  N.  C.  Harnoia 

I  468  Lockheed  Aircraft  Corporation  1 

Misaile  Sy  steam  Diviaion  Reaearch 
Library 

Box  504,  Sunnyvale,  California 
Attni  Mias  Eva  Lou  Robertson, 

Chief  Librarian 


I  136  The  Martin  Company  1 

P.O.  Box  179 
Denver  1,  Colorado 
Attn:  Mr.  Jack  McCormick 

I  280  The  Martin  Company  1 

Baltimore  3,  Maryland 
Attn:  Engineering  Library  , 

Antenna  Design  Group  ' 

I  63  'Mathematical  Reviews  1 

190  Hope  Street 
Providence  6,  Rhode  Island 

I  66  The  W.  L.  Maxaon  Corporation  1 

475  10th  Avenue 
New  York,  New  York 
Attn:  Miss  Dorothy  Clark 

1  282  McDonnell  Aircraft  Corporation,  1 

Dept.  644 

Box  516,  St.  Louis  66,  Missouri 
Attn:  C.  E.  Zoller,  Engineering 
Library 

I  283  McMillan  Laboratory,  Inc.  1 

Brownville  Avenue 
Ipswich,  Maas. 

Attn:  Security  Officer,  Document  Room 

I  116  Melpar,  Inc.  1 

3000  Arlington  Boulevard 
Falls  Church,  Virginia 
Attn:  Engineering  Technical  Library 

I  471  Microwave  Asaociates,  Inc.  1 

South  Avenue 
Burlington,  Maas. 

I  390  Microwave  Development  Laboretory  1 

90  Broad  Street 
Wellesley  57,  Mass. 

Attn:  N.  Tucker,  General  Manager 

I  379  Microwave  Engineering  Laboratories,  .1 

Inc. 

943  Industrial  Avenue 
Palo  Alto,  California 
Attn;  J.  L.  Melchor,  Resident  - 


1  648  The  Mitre  Corporation  1 

244  Wood  Street 
Lexington  73,  Mass. 

Attn:  Mrs.  Jean  E.  Claflin, 

Librarian 

I  934  Motorola,  Inc.  1 

Phoenix  Research  Laboratory 
3102  N.  S6th  Street 
Phoenix,  AritOna 
Attn:  Dr.  A.  L.  Aden 

I  641  National  Research  Council  1 

Radio  &  Electrical  Engineering 
Division 

Ottawa,  Ontario,  Canada 
Attn:  Dr.  G.  A.  Miller,  Head 
Microwave  Section 

1  284  North  American  Aviation,  Inc.  1 

12214  Lakewood  Boulevard 
Downey,  California 
Attn;  Technical  Information  Center 
(495-12) 

Space  &  Information  Systems 
Division 

I  285  North  American  Aviation,  Inc.  1 

Los  Angeles  International  Airport 
Los  Angeles  45,  California 
Attn:  Engineering  Technical  19ile 

I  286  Page  (^omanini  cat  ions  Engineers,  Inc.  1 

2001  Wisconsin  Avenue,  N.W. 

Washington  7,  D.C. 

Attn:  (Mrs.)  Ruth  Temple,  Librarian 

I  287  Philco  Corporation  1 

C  and  Tioga  Streets 
Philadelphia  34,  Pa. 

Attn:  Mrs.  Dorothy  B.  Collins 
Research  Librarian 

I  225  Pickard  and  Burns,  Inc.  1 

240  Highland  Avenue 
Needham  94,  Mass. 

Attn;  Dr.  Richard  H.  Woodward 

I  288  Polytechnic  Research  &  Development  1 

Co.  Inc. 

2.02  Tillary  Street 
Brooklyn  1,  New  York 
Attn^  Technical  Library 

I  232  Radiation  Engineering  Laboratory  1 

Main  Street 
Maynard,  Mass. 

Attn:  Dr.  John  Ruse 

I  289  Radiation,  Inc.  1 

P.O.  Drawer  37 
Melbourne,  Florida 
Attn:  Technical  Library, 

Mr.  M.  L.  Cox 
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I  91‘>  Mudiation  Syatema,  Inc.  1 

440  .^waiiii  Avenue 
Alexandria,  Virginia 
Attn;  Library 

1  233  Radio  Corporation  of  America  1 

RCA  Laboratories 
Rocky  Point,  Ne»  York 
Attn:  P.  S.  Carter,  Lab.  Library 

I  290  RCA  Laboratories  1 

David  Sarnoff  Research  Center 
Princeton,  New  Jersey 
Attn:  Miss  Fern  Cloak,  Librarian 


I  294  Raytheon  Company  1 

Wayland  Laboratory 
Wayland,  Mass. 

Attn:  Miss  Alice  G.  Anderson, 

Librarian 

I  472  Raytheon  Company  1 

Missile  .‘yst(in.s  Pivision 
Hartwell  Road,  iledf'cird.  Mass. 

Attn:  Donald  11.  Archer 

J.  295  Republic  Aviation  Corporation  1 

Fariningdale,  Long  Island,  New  York 
Attn:  Engineering  Library 


I  291  Radio  Corporation  of  America  1 

Defense  Electronic  Products 
Building  10,  Floor  7 
Camden  2,  New  Jersey 
Attn:  Mr.  Harold  J.  Schrader,  Staff 
Engineer 

Organisation  of  Chief  Technical 
Administrator 

I  473  Radio  Corporation  of  America  1 

Missile  Control  &  Electronics  Division 
Bedford  Street,  Burlington,  Mass. 

Attn:  Librarian 

I  757  Radio  C^rpioration  of  America  1 

Surface  Communications  Systems 
Laboratory 
75  Varick  Street 
New  York  13,  N.Y. 

Attn:  Mr.  S.  krevsky 

I  789  Radio  Corporation  of  America  1 

West  Coast  Missile  and  Surface  Radar 
Division 

Engineering  Library,  Building  306/2 
Attn:  L.  R.  Hund,  Librarian 
8500  Balboa  Roulevsrd,  Van  Nuya, 
California 

I  930  Radio  Coro,  of  America  1 

I^fense  Electronic  Products 
Advanced  Military  Systems 
Princeton,  New  Jersey 
Attn:  Mr.  David  .Shore 

I  292  Director,  IJSAF  Project  RAM)  1 

Via;  AF  Liaison  Office 
The  Rand  Corporation 
1700  Main  Street 
Santa  Monica,  California 

I  547  The  Rand  Corporation  1 

1700  Main  Street 
.Santa  Monica,  California 
Attn:  Technical  Library 

I  373  Hantec  Corporation  1 

23999  Ventura  Boulevard 
Calabasas,  California 
Attn;  Grace  Keener,  Office  Manager 

I  293  Raytheon  Company  1 

State  Road,  Wayland  Laboratory 
Wayland,  Mass. 

Attn:  Mr.  Robert  Rorts 


I  184  Ryan  Aeronautical  t'''r.,pany  1 

2701  Harbor  Drive 
Lindbergh  Field 
San  Diego  12,  California 
Attn:  Library 


I  391  Sage  Laboratories,  Inc.  1 

3  Huron  Drive 
Natick,  Mass. 

I  142  Sanders  Associates,  ir-'.,  1 

95  Canal  Street 
Nashua,  New  Hampshire 
Attni  Mr.  Norman  R.  Wild 

I  96  Sandia  Corporation,  Sandia  Ra.^e  1 

P.O.  Box  5800,  Albuquerque, 

New  Mexico 

Attn;  Classified  Doruawnt  Division 

I  546  Sandia  Corporation  1 

Attn;  Organisation  1423 
.Sandia  Base,  Albuquerque,  New  Mexico 

1  662  .Scsnwell  Laboratories,  Inc,  1 

6601  Scanwell  Lane 
Springfield,  Va. 

I  312  Space  Technology  Laboi  p'-ories,  Inc.  1 


P.O.  Box  95001 
Los  Angeles  45,  Calilornia 
Attn;  Mrs.  Margaret  C.  Whitnah 
Chief,  Information  Serv"  ■ 

I  297  Sperry  Gyroscope  Company  1 

Great  Neck,  Long  Island,  Ni;^  York 
Attn;  Florence  W.  turnbull 
Engineering  Librarian 

I  ,367  Stanford  Research  Institut--  1 

Documents  Center 
Menlo  Park,  Claifor. ia 
Attn:  Acquisitions 

I  104  Sylvanie  Electric  Pro'lucts,  Inc.  1 

100  First  Avenue.  Waltham  54,  Mass. 

Attn;  Charles  A.  Thornhill, 

Report  Librarian 

Waltham  Laboratories  Library 

I  260  Sylvania  Elec.  Prod  (nr.  1 

Electronic  Defense  Laboratory 
P.O.  Box  205 

Mountain  View,  California 
Attn:  Library 
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U  22  Hie  John!  Hopkine  Univereity  1 

HoMwood  Cempee 
Beltiieorc  18,  iiiaryland 
Attn;  Dr.  Donald  E.  Kerr,  Dept, 
of  Phyaica 

U  105  Tlie  Johna  Hopkins  University  1 

Applied  Physics  Laboratory 
8621  Georgia  Avenue 
Silver  Spring,  Maryland 
Attn:  Mr.  George  L.  Seielstad 


U  96  Northwestern  University  1 

Microwave  Laboratories 
Evanston,  Illinois 
Attn:  R.  E.  Bean 

U  78  Ohio  State  University  Research  1 

Foundation 
1314  Kinnear  Road 
Colunbus  8,  Ohio 
Attn:  Dr.  T.  E.  Tice 
Department  of  Electrical  Engineering 


U  228  University  of  Kansas  1 

Electrical  Engineering  Department 
Lawrence,  Kansas 
Attn:  Dr.  H.  Uni 

U  68  Lowell  Technological  Institute  1 

Research  Foundation 
P.O.  Box  70^  Lowell,  Maas. 

Attn:  Dr.  Charles  R.  Mingina 


U  109  The  University  of  Oklahoma  1 

Research  Institute 
Norman,  Oklahoma 

Attn:  Prof.  C.  L.  Farrar,  Chairman 
Electrical  Engineering 

U  45  The  Pennsylvania  State  University  1 

Department  of  Electrical  Engineering 
University  Park,  Pennsylvania 


U  32  Massachusetts  Institute  of  Technology  1 
Research  Laboratory  of  Electronics 
Building  26,  Room  327 
CanbridM  39,  Maas. 

Attn:  John  H,  Hewitt 


U  185  University  of  Pennsylvania  1 

Institute  of  Cooperative  Research 
3400  Walnut  Street,  Philadelphia,  Pa. 
Attn:  Department  of  Electrical 
Engineering 


U  26  Massachusetts  Institute  of  Technology  1 
Lincoln  Laboratory 
P.O.  Box  73 
Lexington  73.  Maas. 

Attn:  Mary  A.  Graneae,  Librarian 

U  34  McGill  University  1 

Montreal,  Canada 
Attn:  Prof.  G.  A.  Woonton 
Director,  The  Eaton  Electronics 
Research  Laboratory 

U  79  University  of  Micbagan  1 

Enaineerina  Research  Institute 
Radiation  Laboratory 
912  N.  Main  Street,  Ann  Arbor, 

Micbiaan 

Attn:  Prof.  K.  M.  Siegel 

U  37  University  of  Michigan  1 

Enaineering  Research  Institute 
Willow  Run  Laboratories,  Willow  Run 
Airport 

Ypsilanti,  Michigan 
Attn;  ,  Librarian 

U  108  University  of  Minnesota  1 

Minneapolis  14,  Minnesota 
Attn:  Mr.  Robert  H.  Stuen,  Library 

U  194  Physical  Science  Laboratory  1 

New  Mexico  College  of  Agriculture 
and  Mechanic  Arts 
State  College,  New  Mexico 
Attn:  Mr.  H.  W.  Haas 

U  39  New  York  University  1 

Institute  of  Mathematical  Sciences 
Room  802,  25  Waver ly  Place 
New  York  3,  New  Yorx 
Attn:  Professor  Morris  Kline 


U  48  Polytechnic  Institute  of  Brooklyn  1 

Microwave  Research  Institute 
55  Johnson  Street,  Brooklyn,  New  York 
Attn;  Dr.  Arthur  A.  Oliner 

U  97  Polytechnic  Institute  of  Brooklyn  1 

Microwave  Research  Institute 
55  Johnson  Street 
Brooklyn,  New  York 
Attn;  Mr.  A.  E.  Laeosnel 

U  184  Purdue  University.  1 

Department  of  Electrical  Engineering 
Lafayette,  Indiana 
Attn;  Dr.  Schultx 

U  176  Stanford  University  1 

W.  W.  Hansen  Laboratory  of  Physics 
Stanford,  California 
Attn;  Microwave  Library 

U  110  Syracuse  University  Research  1 

Institute 
Collendale  Campus 
Syracuse  10,  N.Y. 

Attn:  Dr.  C.  S.  Grove,  Jr., 

Director  of  Engineering  Research 

U  309  Technical  University  1 

Oestervoldgade  10  G 
Copenhagen,  Denmark 
Attn;  Prof.  Hans  Lottrup  Knudsen 

U  186  University  of  Tennessee  1 

Ferris  Hall 
W.  Ouaberland  Avenue 
Knoxville  16,  Tennessee 

U  111  The  University  of  Texas  1 

Electrical  Engineering  Research  Lab. 

P.O.  Box  8026,  University  Station 
Austin  12,  Texas 
Attn;  Mr.  John  R.  Gerhardt 
Assistant  Director 
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I  818  Sylyanii  neconnaisaanee  Syateaa  ^b.  1 

Box  188,  Mountain  View,  California 
Attn:  Marvin  D.  Wnldnan 

I  2A0  TTCi,  Inc.  1 

2  Aerial  Way 
Syoaaet,  New  York 
Attni  M.  L.  Henderaon,  Librarian 

1  338  A.  S.  Thomaa,  Inc.  1 

3SS  Providence  Highway 
Weatwood,  Maaa. 

Attni  A.  S.  Thomaa,  Preaident 

I  708  Texaa  Inatruaienta,  Inc.  1 

6000  l.emaon  Avenue 
Dallaa  9,  Texaa 
Attni  John  B.  Travia 
Syatema  Planning  Branch 

I  464  Trana-Tech,  Inc.  1 

P.O.  Box  346 
Roekvalle,  Maryland 
Attni  Mr.  A.  C.  BlAnkenahip 
Chief  Electronics  Engineer 

I  139  Weatinghouae  Electric  Corp.  1 

Eieetronica  Division 
Friendship  Int* 1  Airport  Box  1897 
Baltiiaore  3,  Maryland 
Attni  Engineering  Library 

I  300  Zenith  Plastics  Company  1 

1600  N.  13Sth  Street 
Gardena,  California 
Attni  Mr.  S.  S.  Oleeaky 

U  1  Library  Geophyaical  Institute  of  the  1 

University  of  Alaska 
College,  Alaska 


U  289  University  of  Southern  California  1 
University  Park 
Loa  Angeles,  California 
Attn:  Dr,  Haymond  L.  Chaun 
Director,  Engineering  Center 

U  239  Case  Institute  of  Technology  1 

Electrical  Engineering  Department 
10900  Euclid  Avenue 
Cleveland,  Ohio 

Attni  Professor  Robert  Plonsey 

U  183  Columbia  University  1 

Department  of  Electrical  Engineering 
Morningside  Heights,  New  York,  N.Y. 

Attni  Dr.  Schlesinger 

U  238  University  of  Southern  California  1 

University  Park 
Los  Angeles  7,  California 
Attni  Z.  A.  Kaprielian 
Asaociate  Profeaaor  of  Electrical 
Engineering 

U  10  Cornell  Univeraity  1 

School  of  Electrical  Engineering 
Ithaca,  New  York 
Attn:  Prof.  G.  C.  Dolman 

U  86  University  of  Florida  1 

Department  of  Electrical  Engineering 
Gainesville,  Florida 
Attn:  Prof.  M.  H.  Latour,  Library 

U  S9  Library  1 

Georgia  Technology  Research  Institute 
Engineering  Experiment  Station 
722  Qierry  Street,  N.W. 

Atlanta,  Georgia 

Attn;  Mrs.  J.  H.  Crosland,  Librarian 


U  61  Brown  University  _  1 

Department  of  Electrical  Engineering 
Providence,  Rhode  Island 
Attn:  Dr.  C.  M.  Angulo 

U  1S7  California  Institute  of  Technology  1 

Jet  Propulsion  Laboratory 
4800  Oak  Grove  Drive 
Pasadena,  California 
Attn;  Mr.  I.  E.  Newlan 

U  99  California  Institute  of  Technology  1 

1201  E.  California  Street 
Pasadena,  California 
Attn:  Dr.  C.  Papas 

U  3  Spsce  Sciences  Laboratory  1 

I.euschner  Obaervatory 
University  of  California 
llerkeley  4,  California 
Attn:  Dr,  .Samuel  Silver,  Professor  ' 
of  Engineering  Science  and  Director, 
Space  Sciences  Laboratory 

U  100  University  of  California  1 

Eieetronica  Research  Lab. 

332  Cory  Hal  1,  Berkeley  4,  California 
Attn:  .1.  R.  Whinnery 


U  102  Harvard  University  1 

Technical  Reports  Collection 
Gordon  McKay  Library 
303  Pierce  Hall 

Oxford  Street,  Cambridge  38,  Maas. 

Attn:  Librarian 

U  103  University  of  Illinois  1 

Documents  Division  Library 
Urbana,  Illinois 

0  104  University  of  Illinois  1 

College  of  &gineering 
Urbana,  Illinois 

Attn:  Dr.  P.  E.  Mayes,  Department  of 
Electrical  Engineering 

U  169  Illinois  Institute  of  Technology  1 

3301  S.  Dearborn  Street 
Chicago  16,  Illinois 
Attn:  Dr,  George  I.  Cohn 

U  240  Illinois  Institute  of  Technology  1 

Technology  Center 

Department  of  Electrical  Engineering 
Chicago  16.  Illinois 
Attn:  Paul  C.  Yuen 

Electronics  Research  Laboratory 
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'  U  51  Hie  UniTartity  of  Toxm  1 

tefenie  Reaoarch  Laboratory 
Austin,  Taxas 

Attn:  Claude  W.  Horton,  Physics 
Library  ‘  .  « . 


U  133  University  of  Toronto  1 

Department  of  Electrical  Engr. 

Toronto,  Canada 

Attn:  Proi.  G.  Sinclair 


CODE 
U  133 


ORGANIZATION 

.  I.  1.1*1 


NO.  OF 
COPIES 


University  of  Washington  1 

DepartRient  .of  Electrical  Engineering 
Seattle  5,  Washington 
Attn:  G.  Held,  Associate 
Professor 


U  187  University  of  Wisconsin  1 

Department  of  Electrical  Engineering 
Madison,  Wisconsin 
Attn;  Dr.  Scht ihe 


I 
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regional  off  ces  and  laboratories 


Southern  California  Laboratc  wes 
820  Mission  Street 
South  Pasadena,  California 


Nevf  York  Office 
270  Park  Avenue 
New  York  17,  N.  Y. 


Washington  Office 

7U  t4th  Street,  N.  W. 
Washington  5,  D.  C. 


European  Office 
Pelikanstrasse  37 
Zurich  1,  Switzerland 


RESEARi  H  REPRESENTATIVES 


Honolulu.  Hawaii 

Finance  Factors  Building 
195  South  King  Street 
Honolulu,  Hawaii 


Portland.  Oregon 

Suite  914,  Equitable  Build 
421  Southwest  6th  Avenj 
Portland,  Oregon 


Phoenix  Arizona 

Suiti  216,  Central  Plaza 
342''-  North  Central  Avenue 
PhoL.iix,  Arizona 


